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Authorities for species named are as follows: Agrostis caplllaris L.; Alchcmilla alpina L.; 
Nardus stricta L.; Poa alpina L.; Poa aJpina ssp. vivipara Arcangeli; Poa pratensis L. ; 
Poten.tilla erecta (L.) Raschel; and Vaccinium myrtillus L. Where convenient these species 
names are abbreviated to the genus for simplicity. 
Results given include standard errors of the means (SEMs) to provide a simple index of the 
variability of the data. 
Frequently used abbreviations 
A Rate of photosynthesis 
Amar Maximum rate of photosynthesis under saturating irradiance and ambient 
C02 partial presmre 
ECU Em~~~ o.f (a.rboA 0p+a.he 
gmu Maximal leaf conductance to 002 
gmes Mesophyll conductance to 002 
G.R. Grid Reference 
MDH Malate dehydrogenase 
O.D. Ordnance Datum 
PAR Photosynthetically Active Radiation 
PER Peroxidase 
Pi Internal leaf partial ~ of 002 
Rd Rate of dark respiration 
RGR Relative growth rate 
R_mes Ratio of mesophyll to leaf surface area 
SLA Specific Leaf Area 
T0 Optimal temperature for photosynthesis 
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Ecophysiology and genetic differentiation were investigated in the grass Nardus stricta L. 
from different altitudes on Helvellyn, English Lake District, the Central Highlands, 
Scotland, and around .2ermatt, Switzerland. In addition, long-term microclimatological 
measurements were made on Helvellyn and Ben More (Scotland). Toe aim was to see if any 
physiological features of Nardus varied with altitude, whether these features had any 
genetic basis, and how they might be related to changes in environment with altitude. Field 
measurements showed photosynthesis in Nardus to increase with altitude on Ben More in 
1987. There was also an increasing trend in 19 86, though it was not statistically significant. 
It was found that most of this increase in photosynthesis with altitude could be explained by 
increases in conductance and leaf nitrogen. Measurements of the long-term integral of plant 
gas exchange, 6 l 3C indicated that in 19 87 there had been a trend of increasing PIPa with 
altitude during the growing season prior to the photosynthetic measurements. No change for 
1986 was found. The growing season prior to the 1986 measurements was much wetter and 
warmer than that before the 1987 measurements; this may be responsible for the change in 
slope of mean PIPa with altitude between the years. 
It was found that stomata! density on the adaxial surface of Nardus leaves decreased with 
altitude in an alpine region of Switzerland. This change in adaxial stomata! density was 
negatively correlated with abaxial stomata! density, though stomata were much less dense on 
this surface. Because of the inrolled structure of Nardus leaves, a given abaxial stomate is 
many times more important to diffusion into the leaf than a given adaxial stomate. Hence 
overall maximum conductance probably increases with altitude for the Nardus plants. 
However, no significant trend in stomata! density of Nardus was found on Ben More. 
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In Switzerland the abaxial stomata! density of Nardus was poo.tively correlated with leaf 
thickness measured by section, which was negatively correlated with adaxial stomata! 
density. Hence thicker leaves of Nardus . tend to have more abaxial, but fewer adaxial, 
stomata. The implications of this are d.iscus.5ed in relation to the morphology of Nardus 
leaves and the control of stomata! density. 
Studies were made of the growth response of Nardus from different altitudes to different 
temperatures. It was found that plants from a highaaltitude population on Helvellyn grew 
faster than populations from lower altitudes at low temperatures. The converse was found 
for the lowest altitude populations at higher temperatures. Both short- and long-term growth 
experiments demonstrated the relationship between low temperature growth and altitude of 
origin. Growth at low temperatures produced leaves with lower SLAs for the high-altitude 
populations, and higher SLAs for the low-altitude population, than did growth at high 
temperatures. No relationship between altitude of origin and high temperature growth rate 
was found for Ben More plants. 
Using polyacrylamide gel electrophoresis it was found that the low-altitude population of 
Nardus on Helvellyn was genetically different from the two populations from higher 
altitudes. Environment was found to alter the electrophoretic patterns of enzymes produced 
by the Nardus leaves. Differences in band pattern were found for Nardus plants recently 
harvested from Ben More, but these disappeared after a few months' growth in a 
greenhouse. 
The importance of plastic and fixed responses to the environment, and the possible selective 
advantages of a low growth rate at high altitudes are d.iscus.5ed .. To fully understand the 
implications of changes in plant physiology and morphology with altitude we need to know 
whether or not the measured changes have a genetic basis. If they do not, as seems possible 
in many cases, then we need to know whether the plasticity is adaptive, or simply a 




1.1 Historical introduction 
The recent use of portable infra-red gas anal)7.el'S (IRGAs) for the in situ measurement of 
photosynthesis, and the application of other sophisticated instruments and techniques, has 
enabled old ideas about mountain plant ecophysiology to be more thoroughly tested, and 
has generated new and exciting hypotheses. This work concentrates on the above-ground 
aspects of mountain plant ecology, in particular the interaction of leaf physiology and the 
environment. 
Much of the early work on mountain plants was primarily ooncerned with the nature of 
species (e.g. Clausen, Keck, and Hiesey, 1940). In §1.10 evolutionary is.sues are clisamed 
in the light of more recent ecophysiological work. These recent studies have given us a 
much deeper understanding of the changes in plant ecophysiology with altitude, but 
comparatively little attention has been given to how they might have arisen. 
Mountain plant ecology can be trac.ed back at least as far as the forest provenance work of 
von Wangenheim (1787). He~ the importance of the climate prevalent at the sites 
from which seeds are oollected, it being correlated with the response of the trees when 
grown under non-native conditions. He found that trees grown from seeds oollected from 
northern sites in Canada grew better at high altitudes ~ Germany than plants from more 
southerly populations. For planting at lowland sites he stated that seeds should be oollected 
from sites of lower latitude. According to Langlet (1971), such knowledge of ecotypic 
differentiation with respect to altitude was known even prior to this by other German 
foresters working in mountain districts. Hooker (1853) reported how differences in frost 
resistance of pine and rhododendron populations were correlated with the altitude of their 




to altitude in plant populations. Following this, Hoffmann ( 1886) demonstrated the 
existence of altitudinal ecotypes in herbs differing in the time of flowering. Langlet ( 1971) 
cited much of the early work on altitudinal differentiation of genotypes. 
Working with herbs, Wagner (1892) found that plants growing at high altitude in the 
European Alps, compared to those of low altitude, often exhibited structural and 
physiological modifications. Wagner suggested that these were due to the influence of 
climate on development Bonnier (1895) showed that these responses could be induced in 
ramets of the same plant by growing them at the different altitudes, in the same soil, for two 
to four decades. Among the structural modifications found by Bonnier to be caused by the 
high-altitude environment were: greater relative below-ground growth, shorter 
above-ground parts, smaller and thicker leaves, more palisade tissue, more chloroplasts, and 
more stomata (especially adaxial). These are all features commonly found when lowland and 
upland plants of the same species are compared (e.g. Wagner, 1892; Billings and Mooney, 
1968). Bonnier saw these alterations of the plants by the environment as enabling the 
species to survive at both low and high altitudes. By measuring rates of photosynthesis, 
Bonnier concluded that at high altitude the 'feeble development' of the aerial parts is 
compensated for by increased photosynthetic rate (A), thus enabling complete development 
and carbohydrate reserve accumulation during the short growing season. He also noticed the 
development of certain 'protective tissues' against the 'climatic rigours of high altitude'. 
Though he never actually measured any physical environmental variables, he concluded 
that the morphological and physiological changes were due primarily to the greater light 
intensity, drier air, and lower temperatures at high, compared to low, altitude. Overall, he 
implied that genetic differentiation is unnecessary for plant survival at high altitude, at least 
in the 81 species that he studied. However this plasticity may be genetically controlled, 
perhaps representing an adaptation enabling the species to exploit many habitats. The species 
are very plastic and respond to the environment in particular ways. It should be noted that 
some scepticism has been expressed with regard to some of the work of Bonnier (Turrill; 
1940). However, this is largely concerned with later claims (e.g. Bonnier, 1920) that his 
work supported the ideas of La.marck. 
--
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The inheritance of acquired characteristics and the universality of the plastic viewpoint were 
questioned by the Swede Gote Tures&>n (1922, 1925, 1927, 1930-31, 1931), the first 
worker to use the term genecology (Tureswn, 1923). He showed that many plant species 
which span a range of altitudes are genetically differentiated in such a way that the high-
altitude ecotypes display characteristics seemingly making them fitter under high-altitude 
conditions, and thus constituting adaptations to the alpine environment Dobzhansky ( 1970) 
has advised that it may be best 'to restrict the term ecotype to races that occur mosaic fashion 
in a quasi-continuously inhabited territory, wherever a certain type of environment 
(e.g. sand, clay, or calcareous soils) appears.' Otherwise he prefers Mayr's (1963) use of 
the term race, such as climatic race. Tures&m showed that alpine ecotypes are smaller and 
flower earlier than their lowland counterparts. Many alpine ecotypes, such as Myosotis 
silvati.ca (Tureswn, 1925), also had much thicker leaves. Langlet (1971) related how 
Kerner also demonstrated genotypic divergence between populations growing at different 
altitudes, for features such as time of flowering, but did not publish details of his 
experiments. 
Clausen et al. ( 1940) demonstrated extensively the importance of both genetic and 
environmental factors in the production of plant phenotypes. They discovered genetic races 
in the species Achillea Janulosa and Potentilla glandulosa from sea level, 1402 m, and 
3048 m in the Colorado (USA) mountains. The main features associated with the high-
altitude races were genetically controlled dwarfism, greater frost resistance, and 
phenological differences such as earlin~ of flowering. Dobzhansky (1970) and Briggs and 
Walters (1984) gave excellent summaries of this and other works on plant races and 
ecotypes. 
Clements, Martin, and Long (1950) made the most extensive study to that date of the effect 
of the environment at different altitudes on plant development They made transplants of 
many species between three altitudes and assiduously recorded the responses of these plants 
to the natural environment, as well as to different light, water, and nutrient 1rea1ments. They 
regarded the large part played by the environment in determining plant form as being 
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overbearing evidence against the theory for the origin of species by means of natural 
selection, as proposed by Darwin in the earlier editions of his most famous work 
(e.g. Darwin, 1859). They went on to include the following statement in their summary: 
•Natural Selection does not operate upon the forms produced by adaptation (i.e. 'the 
complete response of plant and species . .. to the habitat complex'], since they are 
immediately in harmony with the environment that produces them.• 
Following on from the work of Clements et al., Oxyria digyna became afavouriteplantfor 
the investigation of plant ecophysiology under arctic and alpine conditions in North America 
during the 1960s . This very wide-ranging species was shown to display ecotypic 
differentiation in photosynthetic rate with respect to altitude (Billings, Clebsch and Mooney, 
1961 ). Plants with a high-altitude genotype showed greater photosynthetic rates than those 
with a low-altitude genotype, at all carbon dioxide concentrations measured. No clear 
differentiation with respect to temperature was found. However, higher dark respiration 
rates were found by Mooney and Billings ( 1961) in alpine ecotypes, and this was thought to 
allow these plants to continue normal metabolism at low temperatures but limit their ability to 
thrive south of their distribution. 
Three important reviews on mountain plant ecology were also published during the 1960s: 
Bliss (1962a), Billings and Mooney (1968), and Tranquillini (1964). The first two were 
written about North American mountain ecology. They characterized the properties of 
angiosperms at high altitude compared to low by the following features: relatively more root 
and rhizome reserves; limitation by drought at their upward limit; higher daily productivity 
during the growing season (see Scott and Billings, 1964); higher calorific and lipid content; 
growth often limited by soil nitrogen and phosphorous availability; rates of assimilation of 
nitrogen into organic compounds reduced by low temperatures; less chlorophyll (both on a 
fresh weight and a leaf area basis); lower temperature optimum for photosynthesis (T0 ); 
greater rates of dark respiration (Rd); higher light levels required for maximal rates of 
photosynthesis (Amar); more fructans; and fewer seeds. The review by Tranquillini (1964) 
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was European-based, being particularly concerned with the Eastern Alps. Tranquillini 
~ the lack of drought at high altitude, stating that drought becomes 1~ likely with 
increased elevation. It was concluded that high-altitude plants were adapted 
photosynthetically to high irradiance, low temperature, and low carbon dioxide 
concentration. Soil and leaf temperatures may become very high; leaves have thick palisade 
layers, high dark respiration rates, with more storage of reserve carbohydrate for insurance 
against unproductive seasons, and adaptations to high irradiances of ultraviolet (UV-B) 
radiation. 
Leaves of plants from high altitudes were thought to be capable of positive net 
photosynthesis at lower carbon dioxide concentrations, and lower temperatures, than those 
from lower altitudes (franquillini, 1964; Billings and Mooney, 1968). It was also 
suggested that high-altitude leaves achieved maximal photosynthetic rates at higher 
irradiances. Since carbon dioxide concentration and temperature both generally fall with 
altitude (Woodward and Friend, 1989) and irradiance often increases (Woodward and 
Friend, 19 89), these features might be considered as adaptations. 
A tradition of ideas about the ~ by which plants are seemingly adapted to high 
altitudes has therefore been established. How do these ideas stand up in the light of 
subsequent work and what new aspects are of importance? Though the ecophysiology of 
mountain plants will be ~ under a number of different headings, these various 
features are all closely related to each other, particularly efficiency of 002 uptake, measured 
by the initial slope of the A1l (photosynthetic rate against internal partial pressure of 002) 
response (Fig. 1.1), and the rate of photosynthesis at 'ambient 002 concentration under 
saturating irradiance (Amar). lrradiance, carbon dioxide concentrati~, and temperature all 
interact in a complex way with the biochemistry of photosynthesis. Because of this a 
reductionist approach is necessary to understand the measured responses of plants at the 
biochemical level. 
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1.2 Photosynthesis at reduced carbon dioxide levels 
l .li General 
What is the evidence that leaves of plants growing at high altitudes are more capable of 
capturing carbon dioxide from partial pressures lower than the mean sea-level partial 
pressure (34 Pa), than plants from low altitudes ? This question is asked with the possibility 
of genetic adaptation to low C02 levels having occurred. Examination of the available 
evidence makes such a claim unlikely to be true, except in a very few cases. It seems that 
any increased ability of high-altitude plants to fix C02 from low concentrations could be 
explained byfactorsotherthanadaptation. 
At saturating irradiance, the capacity to fix more carbon dioxide at a given concentration 
could be due to a greater absolute rate of photon capture, and/or a greater efficiency in 
converting those captured photons into chemical bond energy. The former could involve 
more chlorophyll molecules, or those present working more efficiently; the latter could 
involve greater efficiency of energy conversion to the carboxylase reaction, and/or an 
increased carbon dioxide partial pressure at the site of carboxylation, and/or more 
carboxylation sites per unit leaf area (Sharkey, 1985). This last possibility seems to be the 
one that best fits the evidence for differences between high- and low-altitude plants. 
Ecotypic differentiation with respect to altitude for carbon dioxide fixation was found by 
Billings et al. ( 1961) in Oxyri.a digyna.. It was sho~ that alpine populations displayed 
greater photosynthetic rates (A) at all carbon dioxide concentrations than arctic populations 
from sea level, with the alpine population showing positive A down to a carbon dioxide 
concentration equivalent to an altitude of 12 200 m. However, Decker ( 1959) found no such 
differences within the Mimulus cardinalis-lewisii complex. Also working with altitudinal 
races of Mimulus, Milner and Hiesey ( 1964b) found no differences between the 
populationsataslightlyelevatedC02 mole fraction (425 µmol moI-1); however, at a higher 
---
mole fraction ( 1500 µmol moJ-1 ), the lowland races had higher rates than the upland races. 
In addition, the increase in A at the higher mole fraction declined most rapidly in upland 
races. 1bis could well be due to the upland race being more limited by orthophosphate (Pi) 
regeneration rates (Leegood and Furbank, 1986; Sage, Sharkey, and Seemann, 1988). If 
intemalleafC02 mole fraction (ci ), or partial pressure (pi) limits photosynthesis more at 
high altitudes than at low, then it is expected that for leaves at high altitude and saturating 
irradiance, noulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco) will be at maximum 
activation. This is because ribulose bisphosphate (RuP~ or P-regeneration limitation will 
not be apparent under such conditions. The absolute concentration of Rubisco will be 
limiting A at the biochemical level (Sage et al., 1988; Evans, 1989), and photosynthesis 
will be occurring on the linear part of the ~ response .(see Fig. 1.1 ). 
It should be noted that a change in the ratio of photosynthesis to photorespiration will not be 
caused by the change in 002 partial pressure with altitude. This is because the partial 
pressure of 002 and 0 2 will change at the same rate. However, changes in temperature with 
altitude will have an effect (Brooks and Farquhar, 1985; § 1.8). 
McNaughton, Campbell, Freyer, Mylroie, and Rodland (1974) found that ecotypes 
of Typha Jatifolia , from a range of altitudes, did not differ in their capacity to fix 
002 at low mole fractions (below 300 µmol mol-1). At higher 002 mole fractions 
(300 to 550 µmol moJ-1), however, the high-altitude ecotypes showed the highest values 
of A. They inferred higher concentrations of Rubisco in the upland ecotypes, but with 
identical kinetic properties to the lowland ecotypes. Mooney, Wright, and Strain (1964), and 
Mooney, Strain, and West (1966), working with a large number of species from various 
altitudes, found no clear relationship between altitude of origin and ability to fix C02 from 
low concentrations; the ability to fix C02 at high concentrations was not investigated. Again 
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Fig. 1.1. Example of an~ curve for a C3 plant. 
investigations into the ecophysiology of Mimuluscardinalis and M. lewisii, concentrating 
on comparisons between plants from different altitudes. They grew M. cardinalis clones 
from different altitudes under controlled growth conditions and found that, under increased 
002 mole fractions (i.e. 1250 µmol mol-1 vs. 300 µmol mol-1 ), lowland clones responded 
more favourably, in terms of dry weight accumulation and stem height, than those from 
high altitudes. The clones from higher altitudes grew faster than the lowland ones at 
300 µmol mol-1: McMahon and Bogorad (1966) have shown that Rubisco in the leaves of 
the upland clones of this species from the same sites had a lower Michaelis constant 
(Km (C02)) than in those from lower altitudes. In this species it appears that genetic 
differentiation with respect to altitude has occurred for the ability to fix 002 at reduced 
concentrations, though this was not found in earlier work. Increased C02 concentration 
caused leaves of all races to be thicker, narrower, and shorter, especially in the upland 
clones. 
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l.lii Stomatal responses and efficiency of carbon uptake (BCU) 
In order to investigate further the observed increases in stomata! density with altitude it is 
n~ to examine literature not directly concerned with altitude. Madsen (1973a,b) 
investigated the response of young tomato plants to increased C02 levels. It was found that 
both dry matter and leaf thickness increased as C02 was increased from ambient (0.0350/ov) 
up to 0.220/ov. In contrast, stomata! number and epidermal cell density decreased. Madsen 
( 197 3b) attributed the decrease in stomata! density to increased expansion due to greater 
carbohydrate concentrations, lower osmotic potentials, and higher rates of water flow into 
enlarging cells. Woodward (1986; 1987) found that increasing mole fraction of C02 from 
200 µmol moI-1 caused the stomata! density of leaves to fall, up to a threshold value of about 
340 µmol mol-1, beyond which no further change was observed. Subsequently, Woodward 
and Bazz:az (1988) have shown that C02 par1ial presmire induces a similar response, 
particularly below ambient partial pressure (from 22.5 Pa to 34 Pa), and that at different 
atmospheric pressures stomata! density responds to C02 par1iaf presmre and not mole 
fraction. An interpretation of this change in stomata! density may be implied from the 
review by Mott, Gibson, and O'Leary (1982) on the general significance of amphistomaty. 
They concluded that a high photosynthetic rate per unit leaf area is often correlated with a 
high stomata! _ conductance. Hence stomata! density may be partly controlled by the 
relationship between internal C02 par1ial pressure (pi) and ECU for a given leaf. For a 
developing leaf with a given ECU, there will be an optimum Pi for the mature leaf under 
full irradiance. Hence if Pa (ambientC02 partial presmire) is altered it may be that this is 
sensed by the leaf and the stomata! density adjusted accordingly. There is, however, no 
conclusive evidence for such a mechanism. Jarvis and Morison (1981) found that 'the 
evidence for a functional dependence of [stomata! conductance) ... on mesophyll 
photosynthesis is unconvincing'. They pointed out that though stomata! conductance may be 
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independentoftheabsolutevalueof A, itis sometimes dependent on the 002concentration 
around the guard cells. 
This capacity to control stomata! density and optimize Pi is an extension of the conclusions 
of Field, Merino, and Mooney (1983). They found that during photosynthesis, the steady 
state 002 concentration in the leaf air spaces is maintained at a nearly constant value for a 
given species. In addition, Wong, Cowan, and Farquhar (1979) found that in Gossypium 
hirsutum, stomata! conductance is a compromise between water conservation and the 
maintenance of internal 002 concentration at the optimum level for the intrinsic mesophyll 
capacity; increasing 002 concentration caused stomata! conductance to fall. It is possible 
that stomata! density is somehow controlled, during leaf development, by the amount of a 
substance directly related to the balance between mesophyll carboxylation capacity and 
internal 002 concentration. A similar system may operate to control stomata! aperture once 
the leaf is mature; Wong et al., 1979, suggested A TP. Such a mechanism could explain the 
results of Woodward (1986; 1987). However, stomata! density itself may not be decisive 
for levels of conductance since, as stomata! density increases, the size of the guard cells 
often falls; thus the total pore area per unit leaf area may remain almost constant, and 
consequently stomata! density is only rarely correlated with conductance (Jones, 1987; 
Herrera and Cuberos, in prep.). 
l .2iii Low temperature effects 
Korner and Diemer (1987) investigated in situ the responses of various plant species to 
different partial pressures of 002 and irradiances at 600 m and 2600 m. Species occurring at 
2600 m had both greater efficiency of carbon uptake (i.e. a higher BCU, based on the initial 
A.1:t slope) and greater values of A at 002 saturation. They attributed these differences to a 
greatermesophyll area per unitofleaf area(~). and nitrogen content per unit of leaf area. 
Toe greater~ was due to thicker leaves, with a greater volume of palisade mesophyll. It 
was found that because of the differences in ECU, mean A at ambient002 partial pressure 
did not change with altitude, even though atmospheric and 002 partial pressure changed by 
21 % between the two altitudes. Since these measurements were made on in. sit:u material it 
is not possible to state whether the genotype, or the environment, or both, gave rise to these 
anatomical and physiological differences. 
To understand these findings fully it is neces.wy to examine the general literature on the 
physiology and biochemistry of C3 photosynthesis. Farquhar, von Caemmerer, and Berry 
( 1980) ~ that ECU is largely controlled by Rubisco activity per unit leaf area, and 
that A at saturating 002 and irradiance reflects limitations in the regeneration of ribulose 
bisphosphate(RuP2) (see also Evans, 1989). Thus Rubisco activity and RuP2regeneration 
rates determine the forms of ~ curves. Chabot, Chabot, and Billings ( 1972) found that 
Rubisco activity per unit fresh weight of leaf, and per unit weight of protein, increased 
dramatically, in an alpine Oxyria. digyna population, when grown in a low temperature 
regime compared to one at higher temperatures. An arctic population did not show any 
change. Bunce (1986) noted that leaves which developed at low temperatures had higher 
photosynthetic capacities (i.e. rates of photosynthesis under optimal conditions) than those 
grown at higher temperatures. This is because the rates of leaf expansion are reduced more 
by low temperatures than is the manufacture of the photosynthetic system components 
('photosynthetic machinery'). Leaves formed at low temperatures will therefore contain 
greater amounts of photosynthetic machinery per unit area. Also, Chabot et al. ( 1972) 
found a 58% increase in leaf protein per unit weight in low temperature grown alpine 
0 . digyna compared to high. However, an increase of only 5% occurred for an arctic 
population between the same treatments. Bunce ( 1986) suggested that the low temperature 
effect will only be important for A if stomata! conductance (g8 ) also increases. This is 
possible given the observations by Wong et al. (1979) on the importance of maintaining 
internal 002 partial pressure at the in1rinsic mesophyll capacity. Indeed, it seems that the 
amount of carbon dioxide within a leaf is often maintained at a point close to the inflexion of 
the leafs~ response curve (Long and Hallgren, 1985). This is the point at which the 
photosynthetic system becomes limited by the regeneration of RuP 2, caused by insufficient 
electron transport capacity (Farquhar et al., 1980). Evans (1989) proposed that use of 
nitrogen within a leaf is most efficient when it is op1imally distributed between Calvin cycle 
and thylakoid proteins, causing a co-limitation to photosynthesis of carboxylation and RuP 2 
regeneration (except at high irradiances). Such an optimal distribution would tend to 
maintain photosynthesis and Pi at the inflexion point 
Therefore any change in BCV with altitude might be explained by low temperatures during 
leaf development, causing an increased mesophyll capacity for C02 fixation, with maximum 
conductance(gma.r) also increasing. Raven and Glidewell (1981) indicated that the amount 
of Rubisco per unit leaf area will not affect BCV unless Jlrne8 (and hence mesophyll 
conductance, gmes ) also increases. Also, Sharkey (1985) described how mesophyll 
conductance (conductanceofC02 through the cell to the sites of carboxylation, per unit leaf 
area) is higher than stomata! conductance, so that a marked increase in mesophyll 
conductance occurs only if stomata! conductance also increases. Korner and Diemer (1987) 
found only a sin.all increase in grma with altitude, less than the increase in glMJI, leading to 
an increase in the stomata! limitations of photosynthesis. It is probable that gmax is 
controlled by other factors as well as the mesophyll conductance/pi balance. A caveat with 
regard to the ideas of Bunce ( 1986) is that growth at low temperatures does not necessarily 
lead to an increase in Amar as found for &retie plants (Korner and Diemer, 1987). 
Interestingly, Korner and Diemer (1987) found that plant species which have a wide 
altitudinal distribution did not have higher ECUs at high altitude. It would be interesting to 
know the growth rates of these 'ubiquitists' at different altitudes, and how they differ from 
specifically upland species under high-altitude conditions. 
Itis appropriate here to suggest that some caution should be used in the interpretation of~ 
relationships. It has been found that under conditions of water limitation, leaves possess a 
non-uniform distribution of open stomata, leading to an overestimation of Pi (ferashima, 
Wong, Osmond, and Farquhar, 1988). In such a situation ECU will be underestimated due 
to an apparent non-stomata! inhibition of A (Downton, Loveys, and Grant, 1988). The 
generality of leaf patchines.s in conductance is unknown, but an interesting subject. 
l .2iv Leaf to air C02 ratios 
If a plant at high altitude has a higher ECU than one at low altitude, and/or conductance 
increasingly limits photosynthesis, the ratio of C02 partial pressure inside the leaf air spaces 
(pi) to that outside (p8 ) will decrease with altitude. Farquhar, O'Leary, and Berry (1982) 
and Downton, Grant, and Robinson ( 1985) showed that the time integral of the p/p8 ratio 
can be obtained for a leaf by measuring the relative proportions of the stable isotopes 13C to 
12C. The ratio of these two isotopes is affected by diffusion through the stomata and by the 
enzyme Rubisco. The isotopic ratio, calculated relative to a standard, is known as 613C. 
Because of its molecular weight, l3CQ2 does not diffuse into leaves as quickly as l 2CQ2. 
Also, Rubisco seems to be les.s able to bind to 13CQ2 than l2CQ2. Thusplantcarbohydrates 
contain lower ratios of 13C to 12c (i.e. lower values of 6 l 3C ) than observed for air, because 
of these discriminations. The scale of 5 13C is arbitrarily set at zero for the standard. Any 
substance containing a lower ratio of l 3C to 12c than this standard wi,1l have a negative 6 l 3C 
value. Most values for C3 plants range from -30 %o to -22o/oo (froughton, Card, and 
Hendy, 1974), and only C3 species will be considered in this work. 
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61 ~C values are believed to measure the average PIPa ratio for the life of a leaf by the 
following equation: 
t>l3C = t>13C8 - llf..Jla~il - 111.J?i)._ (l.l) 
Pa Pa 
where l> t 3C and 613Ca are the 13C to 12c ratios in the leaf and air (-7 .8 o/oo ) respectively, 
and a and b are thought to be 4.4 o/oo and 27 %o respectively for C3 plants (Farquhar et al., 
1982). 
From this equation it can be seen that if average PIPa falls with altitude, the I 3Cf12C ratio of 
the leaf would be expected to increase. 1bis is what was indeed found by Korner, Farquhar, 
and Roksandic (1988), who measured t>13C of one hundred C 3 species from different 
altitudes around the world They found slopes for the regres.g.on lines of 0.78 (P<0.0001) 
for forbs, 0.42 (P=0.009) for shrubs, and 0.88 %0 km-I (P=0.002) for trees. It was 
suggested that the lower slope and significance for shrubs may be due to the effects of 
intra-canopy carbon recycling. Water s1ress is also known to cause increased 13Cfl 2C ratios, 
but Korner et al. ( 1988) chose plants from sites reputed to be non-drought-stressed. 
Other workers have also examined the relationship between 613C ratios and altitude. 
Vitousek, Matson, and Turner (1988) found that 613C increased with altitude in the 
dominant tree species Metrosi.deros polymotpha on a 1ropical volcano, and that 5IJC was 
negatively correlated with SLA, butofferedno explanation. 
There has been some argument as to whether plants at high altitude really do experience 
reduced availability of CO 2. V erduin (1953) proposed that an alpine plant at 3500 m would 
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experience 002 rarefied by a factor of 1. 7 compared with one at sea level, but that since 
this will also be true for all the other molecular species, the volume % of 002 (mole 
fraction) will be very sirniJar. The product of concentration and diffusivity proved to be very 
similar at all altitudes; it was thus concluded that the measured high rates of photosynthesis 
at high altitude is not as surprising as it might first appear. Similarly, in a theoretical 
paper, Gale (1973) concluded that plants growing at different altitudes will not experience 
the extremes of 002 supply expected directly from the observations of partial pressures. 
This was explained in simiJar terms to V erduin with regard to the diffusion coefficient of 
002 in air, which increases as atmospheric pressure decreases (i.e. altitude increases). This 
effect to a large degree compensates for the fall in partial pressure. This is also the case for 
water vapour, with a potential for increasing transpiration rates at reduced atmospheric 
pressure. Gale (1973) concluded that the reduction in ambient 002 partial pressure with 
altitude will only have a minor effect on plants. However, the diffusion coefficients 
decrease with temperature, and so when temperature falls with altitude (as is most frequently 
the case), the changes in 002 partial pressure will become important Therefore changes in 
002 availability to plants with altitude will be dependent on the temperature of the air and 
the leaf. These issues were debated in a series ofletters (Cooper, 1986; Gale, 1986; and La 
Marche, Graybill, Fritts, and Rose, 1986) following the publication of a paper purporting to 
show that subalpine conifers growing at high altitude have responded more to the increased 
atmospheric 002 levels since 1850 than those from lower altitude (La Marche, Graybill, 
Fritts, and Rose, 1984). If Gale's (1973) conclusions are valid then the results of Billings et 
al. (1961) and Hiesey et al. (1971) are incongruous given that no selection for increased 
ability to fix 002 at low partial pressure would have been pcmible . . 
Overall, however, plants growing at high altitudes may frequently have higher rates of 
photosynthesis at lower 002 concentrations than plants at low altitudes. Komer and Diemer 
( 1987) found differences in ECU between plants at different altitudes, but these differences 
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may have been plastic, rather then genetic. Only Billings et al. ( 1961) and Hiesey et al. 
(1971) found ecotypic differentiation between altitudinal clones for this feature. It seems 
pos&ble that observations of changes in ECU with altitude, as well as in stomata! density 
and Cmax, may be explained by developmental responses to the environmental conditions, in 
particular low temperatures, as shown by Bonnier (1895), Clements et al. (1950), and 
Chabot et al. ( 1972). Controlled environment and reciprocal transplant studies are necessary 
to separate genetic from environmental influences on the ability of plants to fix C02 at low 
concentrations. 
1. 3 A.aar : the maximum rate of photosynthesis at saturating irradiance and 
1. 3i General 
What evidence is there that leaves of plants growing at high altitudes have higher irradiance-
saturated rates of photosynthesis (Amax) ? Since irradiance often increases with altitude, at 
least on sunny days (Barry, 1981, pp. 29-32), one might expect the leaves of plants at high 
altitude to have evolved towards a morphology closer to the classic 'sun leaf' than those of 
lower altitudes, enabling full utilization of the high levels of irradiance present during clear 
summer days. A sun leaf, relative to a shade leaf, is thicker, oflower area, and has a lower 
volume of intercellular air space, a higher proportion of palisade cells, longer palisade cells, 
greater R17JeB (the ratio of mesophyll to leaf surface area), more and smaller chloroplasts per 
cell, greater stomata! density, and a thicker cuticle (Nobel and Walker, 1985). There are 
many 1eports in the literature of leaf thickness increasing with altitude (e.g. Tranquillini, 
1964; Hiesey et al., 1971; Woodward, 1979a; Korner and Cochrane, 1985; Korner, 
Bannister, and Mark, 1986; Korner and Diemer, 1987; Korner and Renhardt, 1987). 
Thicker leaves generally have a lower specific leaf area (SLA), more nitrogen per unit area, 
and a higher Amax (e.g. Mooney, Ferrar, and Slatyer, 1978). Increased leaf thickness can 
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be caused by high irradiance levels during development (see, e.g., Mott et al., 1982), or low 
temperatures (Wardlaw, Begg, Bagnell, and Dunstone, 1983). So it may prove J>C>Sfilble to 
find a causal explanation for increased leaf thickness in these factors. Since thicker leaves 
will be likely to have an increased Jlmes, then they will probably also have a higher ~ 
(Raven and Glidewell, 1981; Nobel, 1983). 
Amar is the rate of photosynthesis, measured at saturating irradiance, occurring on an ~ 
curve where Pi is that partial pressure occurring within the leaf under ambient 002 
conditions. Thus any differences in ECU, and/or COrsaturated rates of photosynthesis, 
will result in differences in ~. Therefore any mechanism responsible for differences in 
~ curves between plants at different altitudes, as~ in the previous section, might 
also explain differences in~. 
Rabinowitch ( 1951, p. 997) reported that the highest rates of photosynthesis (with very high 
quantum yields) found under natural conditions were for alpine plants, in particular those 
- measured by Hemici (1918), Blagoweshchenskij (1935), and Kjar (1937). Verduin (1953) 
and Zalensky (1954) have made simUar claims. Clebsch (1960) found that alpine Trisetum 
spicatum populations had higher Amu values than arctic populations. Mooney and Billings 
(1961) found the same for Oxyria digyna, the leaves from the alpine plants pcmessing a 
greater internal leaf surface area (Au, 1969). It was suggested by Tranquillini ( 1964) that 
plants growing at high altitudes were extreme sun pill:fits able to make good use of high 
irracliances, and Glagoleva (1962, 1963) demonstrated that this may be due to the thickness 
of the palisade tissue. Milner and Hiesey (1964a) found that light-saturated levels of 
photosynthesis for six races of Mimulus cardinalis increased with their native elevation. 
These results are particularly interesting since they demonstrated ecotypic differentiation for 
, Amar between altitudes. However, Mooney and Johnson (1965) found that alpine clones of 
Thalictrum alpinum. had lower Amar values and genetically thinner leaves than arctic 
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clones. Also, Godfrey (1969) showed that high-altitude populations of Geumturbinatum 
and Oxyria digynJJ. had lower photosynthetic rates than lower altitude populations at several 
irradiances. 
Hiesey et al. (1971) described how upland clones of Mimuluscardinalis produced thicker 
leaves which had higher ~ values and irradiance absorptivity than their lowland 
counterparts. Grabherr (1977) suggested that ~ was related to chlorophyll content in 
Loiseleuriaprocumbens, with two peaks, one in the spring and a higher one in summer. 
Further evidence for ecotypic differentiation of Amar was provided by Machler and 
Nosberger (1977) who noted how high-altitude clones of Trifolium repens had higher 
photosynthetic rates than lowland clones when grown under controlled conditions. It should 
be borne in mind that~ occurs at a higher irradiance level for the canopy than it does for 
an individual leaf, owing to self-shading of the leaves in the canopy, as found by Grabherr 
and Cemusca (1977) for L. procumbens. 
I. 3ii Effects of leaf morphology 
Tieszen ( 197 8) investigated variations in Amar and found a negative correlation between 
~ and SLA for AJaskan tundra species. Mooney et al. ( 197 8) described a negative 
correlation between SLA and water use efficiency ( WUE : carbon gained per unit water 
lost,) and nitrogen use efficiency (NUB: carbon gained per unit nitrogen) in Eucalyptus 
spp. Correlations were found between A, SLA, and leaf nitrogen conten~per unit leaf area. 
Species from drier habitats tended to produce smaller, thicker leaves, with a higher content 
ofleaf nitrogen per unit area, lower SLAs, and correspondingly higher levels of Amar. This 
form of leaf, they concluded, must have a higher WUE , but lower NUB, than the larger 
and thinner leaves produced by species from wetter habitats. Since leaves are frequently 
thicker with altitude, one might thus expect them to have higher WUE under identical water 
vapour ~ deficits. It may also be that any increase in WUE is counteracted by an 
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increase in conductance due to the reduced ambient 002 concentration. Since leaves are 
possibly more water use efficient with altitude, an increase in potential conductance may be 
of high selective advantage. 
Also of relevance to the relationship between SLA and Amar is the work of Ledig and 
Korbobo (1983). Acer saccharum se.edJings were grown from seeds collected along an 
altitudinal gradient They found that the population from the highest altitude displayed the 
highest rates of A, but, curiously from what has been said above, had the highest SLAs . 
The mid-altitude population displayed lowest A rates but lowest SLAs . This pattern was 
found to repeat itself along another transect. No other data were given which might suggest 
a pos.sible explanation for these unusual results. The authors do suggest that the differences 
in A could be caused by differences in stomata! density, pore size, mesophyll resistance, or 
carboxylation capacity. 
It is thought that gmax may be an important limitation to~ (Sharkey, 1985). Komer, 
Scheel, and Bauer (1979) investigated gmax for many C3 vascular plants. They found that 
plants with a high gmax tend to have a high Amar, but that a given leaf would not benefit 
greatly from increasing gmaz because of the much more important role played by mesophyll 
conductance. This correlation between gmax and Amar concurs with the observations by 
Mott et al. (1_982), since a high mesophyll conductance most likely means a high 
carboxylation capacity (e.g. Nobel and Walker, 1985). Korner (1982) highlighted the 
ability of alpine plants to make full use of high irradiance levels. In a Carex curvuJa canopy 
he found that irradiance is by far the major factor limiting photosynthesis over a whole 
growing season, this being due to clouds, fog, and mutual leaf shading. Mott etal. (1982) 
described how leaves that are thicker than others will not necessarily have increased gmar 
unless high irradiance levels also occur during development It appears that a high Amax is 
only realized by a leaf with a high mesophyll conductance and high irradiance levels during 
development 
20 
Thus we might expect to find different relationships between altitude, stomatal density, and 
Amax depending on the changes in irradiance with altitude. This idea is supported by the 
data in Komer, Allinson, and Hilscher (1983) which show stomata! density decreasing with 
altitude in New Guinea, where the climate is maritime and irradiance falls with altitude. 
Komer et al. (1983) ~ the significance of changes in stomata! density with altitude. 
As already noted, the most general trend is for an increase in the adaxial density 
(e.g. Wagner, 1892; Berger-Landefeldt, 1936; Au, 1969; Scheel, 1979; Komer and Mayr, 
1981; Woodward, 1986 ). This may enhance diffusion, an importantfeatme if the leaves are 
also thicker (Mott et al., 1982). Komer et al. (1983) concluded that since features such as 
stomata! density, stomata! index, and gmu do not always change in the same manner with 
altitude, they must in part be related to specific local environmental factors (such as water 
availability and/or irradiance levels), and not entirely due to (i.e. selected, or caused by) 
environmental features which change in the same direction on all mountains, such as 
temperature and partial pressure of gases. Increased irradiance frequently has a substantial 
effect on adaxial stomata! density in dicotyledons (Mott et al., 1982). Bonnier ( 1895) found 
increased stomata! density in lowland genotypes when grown at high altitudes, indicating 
both the plasticity of plants for this feature, and that there were probably increased levels of 
irradiance and/or reduced growth rates. Cements et al. (1950) also found that both 
increased irradiance and altitude were correlated with increased stomata! density in a wide 
range of species transplanted between altitudes, and subjected to different shade treatments. 
The increase in density with altitude was not thought to be due to the increased irradiance 
levels (irradiance was not found to change with altitude), but rather to reduced leaf 
expansion at the prevalent lower temperatures. However: C [in] some cases, the inverse 
relation did not hold between growth and number, indicating a more deep-seated 
modification of the meristem.' When transported to the same altitude; plants grown at higher 
altitudes had equal or greater rates of transpiration than those grown at lower altitudes, 
reflecting the increased stomata! densities. It may be that both irradiance levels and growth 
rates together are of importance in determining stomata! density (Komer et al., 1986), as 
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may be 002 (see previous section). 
l .3iii Soil nutrient effects 
Field (1983) showed that Amar can be limited by levels of enzymes such as Rubisco, and 
Field et al. ( 1983) demonstrated a positive relationship between total leaf organic nitrogen 
content and Amar between species. Since levels of leaf nitrogen and enzymes such as 
Rubisco closely parallel one another (e.g. Huffaker, 1982, p. 387; Field, 1983; and Evans, 
1989; but see also Chapin, Tieszen, Lewis, Miller, and McCown, 1980), it is to be expected ,_ 
that leaf nitrogen content and Amar will be highly correlated. There is good evidence that leaf 
nitrogen content generally increases with altitude and latitude ( Ehrhardt, 1961; Babb and 
Whitfield, 1977; Chapin et al., 1980; Nordmeyer, 1980; Haselwandter, Hofmann, 
HoJzmann, and Read, 1983; Komer and Cochrane, 1985; Komer et al., 1986; Komer and 
Diemer, 1987; Komer and Renhardt, 1987; ). This seems surprising since soil nitrogen 
availability might be expected to decrease with the altitudinal ( and latitudinal) decline in soil 
temperature, and with the increase in soil moisture, reducing mineralization nutrient cycling 
rates (Grubb, 1971; Vitousek et al., 1988). Grubb (1989) cited evidence that the growth of 
montane tropical forest is limited by nitrogen supply, due to decreased rates of organic 
matter deoomposition. However, the overall decline in productivity with altitude is also 
directly attributable to decreased irradiance and lower temperatures (Grubb, 1989). Vitousek 
et al. (1988) found that foliar N, P, Mg, and K, on a leaf weight basis, declined with 
altitude in Met:rosiderospolymorpha. However, concentrations per unit leaf area fell I~. 
because SLA declined with altitude. Komer and Cochrane (1985), studying Eucalyptus 
paucit1oraalong an elevational gradient in the Snowy Mountains of south-eastern Australia, 
found that leaf thickn~. number of palisade layers, and leaf nitrogen per unit leaf area all 
increased with altitude. Komer et al. (1 986) found the same pattern in New Zealand , with a 
positive correlation between leaf nitrogen and gmax, suggesting that high photosynthetic 
. rates are pos&ble in these high-altitude plants. In addition, Komer and Diemer (1987) found 
that mean total nitrogen per unit leaf area in plants growing at high altitudes was 34% greater 
coinpared to those at low altitude. BCU in these plants correlated s1rongly with leaf nitrogen 
concentration. 
Ho)zmann and Haselwandter (1988) investigated the nitrogen economy of plants in an 
alpine sedge community, and discovered high concentrations of nitrogen in both roots and 
shoots. Rehder and Schafer (1978) found that in three alpine dwarf shrub communities of 
the central Alps, there was greater productivity than expected from the nitrogen availability 
detectable in the soil by incubation (i.e. mineralizable N). They concluded that mycorrhizal 
fungi must contribute to nitrogen uptake, or that some form of root exudation occurs to 
stimulate N-mineralizing organisms in the rhizosphere. As might be expected, Ho1zmann 
and Haselwandter (1988) found that low soil temperatures largely inhibited biological 
nitrogen fixation in an alpine sedge community. The nitrogen supply per unit ground area by 
fixation, mineralization, and precipitation did not appear to be sufficient to support the 
measured growth. However, the plants studied were mostly infected with 
vesicular-arbuscular (VA) mycorrhizas, as are most plants. Tiris, together with evidence for 
movement of N to the roots for storage, towards the end of the growing season for release 
in the spring, greater relative root length at higher altitude for absorbing and storage 
(see also Korner and Renhardt, 1987), and the possibility of large inputs of nitrogen 
following snow melt (Haselwandter et al., 1983) may help to explain the enigma. Also, it 
has been found that some commonly occurring ectomycorrhizal fungi can utilize organic 
nitrogen in peptides and proteins (Abuzinadah and Read, 1986; Abuzioadah, F"mlay, and 
Read, 1986), but it is not known how important this may be for alpine plants, most of 
which are VA mycorrhizal. 
As already pointed out, Holzmann and Haselwandter ( 1988) found no evidence of nitrogen 
deficiency ( 12 species were examined), indeed they found high concentrations of root and 
shoot nitrogen. Recalling Bunce's ( 1986) suggestion regarding the relationship between low 
temperature leaf development and Amar , it may be that low temperatures at high altitude 
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reduce the growth rates of the plant more than the supply of N. Therefore the concentration 
of plant nitrogen will increase with altitude, a pos.sible explanation for some of the observed 
increases in ~. Chapin (1980) concluded, in a simiJar fashion, that plants from infertile 
habitats may be characterized by the maintenance of high nutrient concentrations as a result 
of reduced growth.rates. 
1. 3iv The importance of growth temperature 
To conclude this discussion of increased Amax with altitude, it is significant that Bunce 
( 1983) described the dependence of Amax not only on irradiance levels during development 
(as suggested by Chabot, Jurik, and Chabot, 1979), but also on the leaf expansion rate, 
with increasing expansion causing the photosynthetic components to be reduced in density. 
Expansion rate is closely linked to temperature (§1.5). Bunce (1983) demonstrated that 
when ~ increased with irradiance during development, the increase in the ~ ratio 
could not alone explain the increase in ~ . It appears that absolute concentrations of 
critical enzymes such as Rubisco might be involved, or even be of primary importance. 
Raven and Glidewell (1981), in a review of the literature, concluded that Rubisco activity 
(i.e. amount of Rubisco in an activated form per unit leaf area) plays an important role in 
determining net C02 fixation, and that the activity is intimately related to leaf anatomy, 
especially the ~ratio. Leaf temperature during development is important for determining 
A at a given temperature, and hence g1118K. 
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1.4 T0 : the optimum temperature for photosynthesis 
l .4i General 
As temperature is reduced, ~ occurs at lower irradiance levels (e.g. Pisek, Larcher, 
Vegis, Napp-Zin, 1973), and quantum efficiency is lower (Billings, 1974a; Berry and 
Bjorkman, 1980). Wilson ( 1966) has suggested that this reduced efficiency may be due to a 
reduction in demand for sugars resulting in product inhibition. There is also evidence that 
the phosphate status of the chloroplast may be critical for rates of photosynthesis at low 
temperatures. Such an increase in phosphate limitation at low temperatures may cause a 
decrease in Rubisco activity, thus altering ECU and Amar, though Rubisco activity may 
change in direct response to temperature (Chabot et al. , 1972; Labate and Leegood, 1988 ). 
If a given plant has a higher photosynthetic rate ata low temperature than another plant, then 
this may be an adaptation to low temperatures, caused by the same physiological changes 
which influence Amax . If an upland plant has a greater Amar at low temperatures than a 
lowland plant, we may speak of differentiation with respect to altitude for the optimum 
temperature for photosynthesis (i.e. T0 ). Evidence for this and its possible physiological 
explanation will now be discussed. 
l .4ii Evidence for genotypic differentiation 
Bjorkman, Florell, and Holmgren ( 1960) found that alpine ecotypes of Solidago virgaurea 
from Sweden had lower T0 values than lowland ecotypes. The alpine ecotypes also had 
higher rates of dark respiration (Bjorkman and Holmgren, 1961). Similarly, Mooney et al. 
(1964) found that species from high altitudes in the White Mountains of California, when 
grown under controlled conditions, displayed lower values of T0 than species from lower 
altitudes. Erigonum ovalifolium from 3947 m had maximal photosynthetic rates closest to 
20 °C, whereas for Hymencxlea salsola from 1372 m they were closest to 30 °C. The 
photosynthetic rate of lowland ecotypes of Mimulus cardinalis increased more rapidly with 
temperature than upland ecotypes (Milner and Hiesey, 1964a). Tieszen and Helgager ( 1968) 
found that ecotypes of Deschampsia caespit.osa from an alpine population had a higher T0 
value for the Hill reaction than arctic populations. Also, alpine populations of Thalictrum 
alpinum have been shown to exhibit higher T0 values than arctic ones (Mooney and 
Johnson, 1965), but alpine populations of Oxyria digyna had lower T0 values than arctic 
populations, by exhibiting greater acclimation potential (Billings, Godfrey, Chabot, and 
Bourque, 1971). There are many reports of such acclimation of T0 to growth temperature, 
for example: Chamaebatiaria millefolium, Artemi.sia tri.den.tata, and Haplopappus 
apargioides (Mooney and West, 1964); Fngeron clokeyi., H. apargioides, C. millefolium, 
andBncelia caJifomica (Mooney etal., 1966); Deschampsia caespit.osa (Pearcy, 1969); 
Oxyria digyna (Billings et al., 1971); Aren.aria nuttallii (Chabot and Billings, 1972); 
Eucalyptus pauciflora (Slatyer, 1977); and Geum urbanum and G. rivale (Graves and 
Taylor, 1988). However, the mechanisms leading to this dependency have not been 
elucidated. 
Even though Hiesey et al. ( 1971) measured minimal reductions in leaf temperature with 
altitude, they found that growth of Mimulus cardinalis clones showed genetic differentiation 
with respect to temperature for dry weight accumulation. The clones from sea level had a 
significantly greater increase in dry weight between I O °C and 20 °C than clones from 
higher altitudes. Woodward ( 197 5) reached simi1ar conclusions in comparisons of growth at 
differenttemperatures between the lowland Sedumtelephium and the upland S. rosea . This 
differential growth response to temperature was thought to be responst"ble for changes in the 
outcome of competition experiments atdifferentaltitudes (Woodward and Pigott, 1975). In 
addition, Woodward (1979b) found that the growth of the lowland species Dactylis 
glomerata and Phleum bert.olonii responded much more to an increase in temperature, 
from 10 to 20 °C, than did the growth of the upland species Sesleria albicans and Phleum 
alpinum. However, it is not clear whether these differences were due to differences in T0 , 
or to differences in the temperature response of leaf extension rate, or both. The latter 
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subject is discussed in § 1.5. T0 decreased with the altitude of origin of populations of 
Abies balsamea, when grown from seed under uniform environment.al conditions. The 
change with altitude in T0 was similar to the adiabatic lapse rate, suggesting adaptation 
(Fryer and Ledig, 1972). Similarly, Slatyer (1977) found that under controlled 
environment.al conditions, T0 for populations of Eucalyptus paucit1ora fell as the altitude 
of the seed source increased. Probable adaptation was also reported by Tranquillini ( 1979), 
who found that T0 values for spruce (Picea abies) from the timberline were 3 °Clower 
than for spruce from the valley floor, irrespective of irradiance levels. Similar results were 
reported for larch (Larix decidua) and birch (Beru/a venucasa ). Thus there is substantial 
evidence for the evolution of T0 in response to altitude. It should be noted that the optimum 
temperature for photosynthesis of the whole canopy may be lower than for individual 
leaves, as has been found for a Loiseleuria procumbens canopy (Grabherr and Cernusca, 
1977). This may in part be explained by greater self-shading of leaves and the drop in T0 
with a declineinirradiance (e.g. Pisek etal., 1973, p. 113). 
Pisek et al. (1973) and Billings (1974a) have both written reviews on the T0 values of 
alpine plants. In the former it was reported that T0 values of 24 °C occurred for Citrus 
limonum from 80 m, 19 °C for Taxus baccata from 550 m, 14 °C for Betula pendula from 
1900 m, and 12.5 °C for Oxyria digyna from 2500 m. Vegetative propagation of clones of 
Trifoli.um repens from different altitudes in Switzerland has shown the presence of 
high-altitude ecotypes which display higher rates of photosynthesis at all temperatures, 
particularly so at low temperatures (Machler, Nosberger, and Etismann, 1977). It is 
pos.sible that photosynthetic adaptation to low temperature may also involve high rates of 
photorespiration when warm, leading to a drop in net 002 fixation: This was confirmed by 
Neama (1982), who found that growing Salix herbacea at low temperatures caused 




In order to understand better the differences in T0 between plants we must examine the 
literature not specifically aimed at mountain plant ecology. Bjorkman and Badger (1979) 
found Nerium olean.der to be very plastic for T0 when grown at different temperatures. 
Until this work no insight had been made into the pos&ble mechanism by which T0 changes 
in response to growth temperature (Bjorkman, 1973), despite its obvious widespread 
occurrence. Any theories in this connection will have important implications for ecotypic 
differentiation of T0 with altitude. Bjorkman and Badger investigated the differences 
between plants differing in T0 values. Differences in stomata, anatomy, amount of 
photosynthetic machinery per unit leaf area, electron transport capabilities, and general 
enzyme levels could not explain differences in photosynthetic rates. However, the maximum 
activities of the chloroplast enzymes Rubisco and fructose-1,6-bisphosphate phosphatase 
(Fru-P2 phosphatase) differed substantially, and only Fru-P2 phosphatase changed by an 
amount comparable to the changes in photosynthetic rates at suboptimal temperatures. 
Photosynthetic capacity of plants grown at 45°C, and then transferred to 20°c, was closely 
correlated to increases in the levels of Fru-P 2 phosphatase activity. Thus it may be that the 
levels of this enzyme are critical in photosynthetic acclimation, and adaptation, to low 
temperatures. Rubisco levels changed in a simUar fashion, but not to such an extent 
Rubisco does not appear to be particularly temperature-dependent at 002 partial pres.mres 
typical for C3 plants. Photosynthetic adaptation to low temperatures may, therefore, lie in 
the metabolic pathway control mechanisms which regulate the metabolic pools in the Calvi!). 
cycle. Fru-P 2 phosphatase catalyzes one of the key steps for regulation of the Calvin cycle, 
the hydrolysis of the phosphate from the C-1 atom of fructose- I ~6.:bisphosphate, to form 
fructose-6-phosphate (Portis, Chon, Mosbach, and Heldt, 1977). It is possible that changes 
in the storage of phosphate in the vacuole and its release into the cytoplasm may play a 
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significant role in 1he adaptation of photosynthesis to low temperatures (Labate and 
Leegood, 1988). 
Of particular significance to T0 at different altitudes, Raven and Glidewell ( 1981) described 
how a number of workers have found a correlation between low temperature growth and 
both net C02 fixation and Rubisco activity per unit leaf area. This is known as capacity 
adaptation and seems to be more dependent on absolute Rubisco amounts than any kinetic 
changes. Leaf thickn~ can also be increased by growth at low temperatures (e.g. Wardlaw 
et al., 1983). Peet, Ozbun, and Wallace (1977) found that both Rubisco activity and leaf 
thickn~ increased in Phaseolus vulgaris when grown at low temperatures, hence R'M8 
probably also increased. Raven and Glidewell ( 19 81) suggested that increases in 
Rubisco/ ~ ratios are not required for increased A at low temperatures, an increase in 
Jlme3 being sufficient Klikoff ( 1969) sampled a number of species from different altitudes 
and found that the low temperature activities of isolated chloroplasts were positively 
correlated with altitude. Similar conclusions were reached by May and Villareal (1974). In 
Puma rye (Sec.ale cereal.e L. cv. Puma), Rubisco itself changed in response to low growth 
temperature by increasing its low temperature stability (Huner and MacDowell, 1979a). 
These changes were shown to enhance the activity of Rubisco at low temperatures (Huner 
andMacDowell, 1979b). 
l .4iv Significance of T0 
In a previously mentioned study of C02 exchange in an alpine Carex curvuJa canopy, it 
was found that the optimal temperature for photosynthesis, at an altitude of 2310 m in the 
Austrian Alps, was 22.5 °C, close to the mean leaf temperature on clear summer days 
(Komer 1982). Thus leaf temperature, on days of high irradiance, does not severely limit 
photosynthesis in this alpine plant Komer and Diemer (1987) reached similar conclusions 
for eight lowland (600 m) and eleven upland (2600 m) species. At 4 °C the plants at 2600 m 
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maintained 50% of their T0 photosynthetic rate, whereas this was achieved at 8 °C by the 
plants at 600 m. 
It might appear that low temperatures may not be of great direct significance to carbon gain 
per unit leaf area because of a combination of changes in T0 and the elevation of leaf 
temperature above air temperature (Korner and Larcher, 1989). However it should be noted 
that the latter will only occur on days of high irradiances, when A is at maximum. For 
cloudy days, low irradiance and temperatures occur, making rates of A at low temperature 
aucial. The importance of elevation of leaf temperature above ambient will depend on how 
much 002 is fixed in these two types of day. Local cloudin~ will be very important; the 
Alps may be very different from Scotland or Scandinavia, for example. 
The effect on A oflowtemperatures during development can be considerable. In barley, for 
instance, cold hardening causes a doubling of Amar per unit chlorophyll, resulting in a 30% 
increase per unit leaf area (Sieber, Sundblad, and ()quist, 1988). The mechanism whereby a 
plant developing in the cold has a higher rate of photosynthesis at low temperatures than a 
plant developing in the warm, is most probably a combination of growth being more 
reduced than photosynthesis during development (Bunce, 1986), resulting in an increased 
Amar , and some type of change in metabolic pool control as suggested above (Berry and 
Bjorkman, 1980). The importance of these ~ for reduction of T0 values is not 
known. 
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1.5 Growth · 
Whereas low temperatures on mountains may, at least in some cases, be of little significance 
to carbon gain per unit leaf area, they are crucial to the expansion of leaf area, and hence for 
the productivity of the whole plant. Plant stature usually declines with altitude (Komer and 
Renhardt, 1987; Woodward, 1986), though on some tropical mountains it may increase 
(e.g. Smith and Young, 1987). That high-altitude ecotypes can be genetically of lower 
stature has been known for some time (Zederbauer, 1908; Turesson, 1925; Clausen et al., 
1940). Plants taken from the lowlands and grown at high altitudes are oflower stature than 
when they are grown in thesamesoilatlower altitudes (Bonnier, 1895). Woodward(l986) 
grew populations of Vacdnium myrtillus ina controlled environment and found that the low 
stature of high-altitude populations is unchanging, and probably has some genetic control. 
He suggested that this resulted from selection by high wind speeds, and reduced competition 
for light. The reduction of vegetation stature with altitude may well be due to a combination 
of environmental and genetic factors. High wind speeds may lead to severe abrasion by ice 
particles and sand, and to drought during the winter. Shorter plants may be protected by 
snow, except in very exposed sites where the lower boundary layer conductance, associated 
with the small stature, will reduce the impact of the wind. All these factors will give shorter 
plants a selective advantage as well as causing dwarfism in otherwise taller plants. In 
addition, summer growth and metabolism will occur at the higher temperatures experienced 
closer to the ground (e.g. Komer and Cochrane, 1983). Fitter and Hay (1987) gave a full 
description of the possible selective advantages of dwarfism in arctic and alpine 
environments. 
Ollerenshaw and Baker (1981), Chapin and Oechei (1983), Woodward, Komer, and 
Crabtree (1986), Sakai and Larcher (1987) and have all demonstrated that plant growth 
dynamics are genetically controlled. The earlier work in this regard was discussed in the 
excellent review of genecology from an historical perspective by Langlet (1971 ). Cline and 
Agatep (1970) demonstrated that upland ecotypes of the Achillea borealis-lanulosa complex 
had greater growth at low temperatures than lowland ecotypes under the same conditions. 
There is also evidence that upland ecotypes and species do not respond to increased 
temperature as well as their lowland counterparts (e.g. Hiesey et al. 1971; Woodward and 
Pigott, 1975; Woodward, 1975, 1979a, 1979b ). 
Jn. situ measurements ofleaf growth have demonstrated that upland populations and species 
are able to grow at lower temperatures than lowland populations and species (Woodward et 
al. , 1986; Korner and Woodward, 1987). Woodward and Friend (1988) found the same 
for seed-grown material under controlled conditions. It was suggested that the ability to 
grow at low temperatures was related to adaptation in either, or both, the rate of cell 
production and the rate of cell expansion in the growing zone of the leaves. An examination 
of the factors involved in cell expansion suggested that the high-altitude species were able to 
grow at low temperatures by maintaining significant cell wall extensibility; this capacity was 
lost by lowland species. Cell wall extensibility is the degree to which the cell walls can 
irreversibly extend due to turgor pres.sure. Cell walls of plants have both plastic and elastic 
properties; it is their plastic properties that are important to growth. The ability to maintain 
growth at low temperature was negatively correlated with the rate of growth at higher 
temperatures, which was more dependent on cell turgorpot.entials. 
Of pos&ble relevance to the decline in stature with altitude, Hiesey et al. ( 1971) found that 
the stem height oflow-altitude clones of Mimuluscardinalis increased more with C02 mole 
fraction (from 175 to 1250 µmol mol-1) than the upland clone. However, since 
photosynthetic rates do not appear to decline with altitude (e.g. Korner and Diemer, 1987; 
Friend et al., 1989), at least on a leaf area basis, it is unlikely that changes in the partial 
pressure of C02 on mountains are responsible for any plant height differences. 
The effect of altitude-related changes in the environment on plant height has attracted much 
attention in terms of the control of the treeline. Daubenmire ( 1954) wrote the first review on 
treeline research, and later Wardle ( 1971) concluded that treelines are caused by winter 
desiccation producing death in trees unable to fully mature because of low rates of 
production of lignin, cuticle, and epicuticular wax. This was supported by Tranquillini 
( 1979), who has suggested that the principal cause of the treeline is winter desiccation, due 
to high evaporative demand, low root permeability, and frozen soil water. Evergreen 
conifers are especially prone, with the cuticle of the youngest needles unable to develop fully 
in one short growing season. Baig and Tranquillini (1976) found that the cuticle and 
cutinized cell wall thickn~ decreased with elevation for stone pine (Pinus cembra) and 
Nmway spruce (Picea abies) in Austria, causing needle damage and death athigh altitudes. 
This was also found by DeLucia and Berlyn (1984) for Abies balsam.ea, though the 
cutinized cell wall thickness increased dramatically at the level of the Krummholz trees, 
whereas elsewhere it decreased with altitude. Stomata! density also increased with altitude, 
though not significantly, and measured rates of stomata! and cuticular water losses were 
very high at high elevation. It was concluded that the treeline of A. balsam.ea is caused by 
desiccation, a conclusion similar to that reached by Hadley and Smith ( 1986). However, it is 
still not clear whether one main factor, or a number of interacting factors, limits tree 
distribution athigh altitudes. 
Chapin (1983) concluded that the characteristic morphologies, metabolisms, and life 
histories of alpine and arctic plants are so well adapted to low temperatures that their 
distribution was limited by the secondary effects of low temperatures on water and nutrient 
supply. These areas are both very poorly understood for high altitudes and latitudes. Komer 
and Larcher (1989) suggested that the most important influence of low temperatures on 
plants is on growth and development, but the results of ecophysiological experiments and 
observations of plant life in cold climates will not be fully understood until more basic 
developmental physiology is known. They suggested that selection for short plants at high 
altitude may be due to increased warming closer to the ground surface, and that intrinsic low 
growth rates may be due to an adaptation to long-term low resource availability (see Grime, 
1979, pp. 30 et seq.). Reduced competition at high altitudes may make selection for reduced 
stature pc>.fflble (e.g. Komer and Diemer, 1987). Woodward (1979a) found that growing 
Phleum alpinum at low temperatures caused the leaves to be thicker with larger cells. 
Similarly, Komer and Larcher (1989) found that the smaller leaves produced at low 
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temperatures did not have smaller cells, suggesting that a low rate of cell division was 
responsible for their size; alternatively, they suggested that low rates of cell expansion 
might reduce the rate of mitosis by some process of negative feedback. 
Important relationships between growth rate, low temperature hardening, and tolerance to 
low temperature can be inferred from the findings of Pollock, Eagles, and Sims (1988). 
They found that growth rates of Lolium perenne were negatively correlated with freezing 
tolerance and accumulation of soluble carbohydrate. Eagles (1967a,b) came to similar 
conclusions with regard to Dactylis glomerata. 
1.6 Pigments 
Bonnier (1895) found that lowland plants, when grown at high altitudes, produced many 
more chloroplasts in each cell than in their natural habitat, each chloroplast being darker than 
at lower altitudes. However, there is much evidence that leaves of in. si.tu alpine plants 
contain 1~ chlorophyll on both a leaf area and fresh weight basis than either lowland or 
arctic leaves ( Henrici, 1918; Seybold and Eagle, 1940; Mooney and Billings, 1961; 
Mooney and Johnson, 1965; Billings and Mooney, 1968; Godfrey, 1969; Tieszen, 1970). 
There is also evidence that the ratio of chlorophyll a to b is higher for alpine plants than 
arctic (I'ieszen, 197 0), a characteristic of sun leaves which tend to have a greater ratio of 
chlorophyll a to b than shade leaves (Bjorkman, 1981, p. 67). Billings and Mooney (1968) 
and Billings et al. ( 1971) found that the reduced level of chlorophyll in alpine Oxyria 
digyna plants was under partial genetic control, and suggested that this may have been 
selected for as a mechanism for reducing damage by UV irradiance. Tieszen and Helgager 
( 1968) found that reduction off erricyanide per unit chlorophyll was much greater for alpine 
than for near sea level arctic clones of Deschamp;ia caespitosa. · S~milarly, Billings et al. 
(1971) found higher rates of photosynthesis per unit chlorophyll in alpine than in arctic 
ecotypes of Oxyria digyna. Chlorophyll may also play a role in cold hardening. As 
mentioned with respect to T 0, Sicher et al. ( 1988) found that cold hardening in barley caused 
Amar per unit chlorophyll to double, and in spite of a simultaneous reduction in chlorophyll 
concentration the photosynthetic rate increased by 300Ai. Qearlythe photosynthetic impact of 
a reduction in chlorophyll with altitude may be small because of the ability of plants to 
increase A perunitchlorophyll, and RtneB. 
Leaves of alpine species frequently contain a high concentration of anthocyanins, causing 
them to appear very dark (Billings and Mooney, 1968; Klein, 1978). Frtter and Hay (1987) 
suggested that this may be due to selection for increased absorption of solar radiation, and 
therefore enhancing leaf temperature. Klein ( 197 8) described how high concentrations of 
anthocyanins may have been selected for, along with flavenoids and epidermal waxes, 
because of their ability to reduce damage from UV radiation. 
1. 7 Dark respiration 
At the same temperature, alpine species and populations frequently exhibit higher 
mitochondrial respiration rates (Ra) than those from lowlands (e.g. Bjorkman and 
Hohngren, 1961; Mooney, 1963; Tranquillini, 1964; Mooney et al., 1964; Klikoff, 1966; 
Billings and Mooney, 1968; Klikoff, 1968; Billings et al., 1971; Chabot and Billings, 
1972; Tranquillini, 1979; Ledig and Korbobo, 1983). These include examples of genetic 
differentiation for increased dark respiration at high altitude. Klikoff ( 1969) found that the 
low temperature activities of isolated mitochondria from a number of widely distributed 
species were positively correlated with the altitude from which the populations were 
isolated. High mitochondrial respiration rates are probably an advantage for plants in cold 
climates because of the short, cool growing season for metabolic activity (Stewart and 
Bannister, 1974; Klikoff, 1968). There is much evidence that rates of dark respiration in 
some plants are enhanced if the plants are grown at low temperatures (Billings and Godfrey, 
1968; Chatterton, McKell, and Strain, 1970; Chabot and Billings, 1972; Neama, 1982), the 
species with the widest altitudinal range exhibiting the greatest change in dark respiration 
rates (Chabot and Billings, 1972). However, a high dark respiration rate in the cold will 
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mean a very high rate when warm and a rapid exhaustion of carbohydrate reserves 
(Crawford and Palin, 1981), hence possibly limiting altitudinal (e.g. Dahl, 1951; Stewart 
and Bannister, 1974) or latitudinal (e.g. Mooney and Billings, 1961) distribution. Elevated 
rates of dark respiration enable cold-climate plants to operate with enhanced specific 
metabolic activities; they are probably a compensatory mechanism in response to low 
temperatures and will not cause ex~ve losses of carbon as long as the plants remain cold 
(KomerandLarcher, 1989). 
The importance of dark respiration rates (Ra) for attitudinal distribution was highlighted by 
Graves and Taylor ( 19 86, 1988). They found that the differential attitudinal distribution of 
the species Geum rivale (upland) and G. urbanum (lowland) could not be explained by a 
climatic limitation of relative growth rate (Graves and Taylor, 1986). They went on to show 
that the growth rate of G. urbanum roots was lower than that of G. rivale at low 
temperatures, and suggested that this may be due to lower rates of root respiration. 
G. urbanum was thought to be unable to use the excess assimilate it was capable of 
producing at low temperatures because of inherently low Ra. and hence was limited to 
lower, warmer altitudes (Graves and Taylor, 1988). 
In view of the fact that dark respiration occurs mainly at night, when leaf temperature is 
closely tied to air temperature, the ambient temperature for dark respiration will decrease 
with altitude. Thus respiration rates of plants may be similar at all altitudes. 
1. 8 Photorespiration 
Like dark respiration, photorespirationat high temperatures is enhanced by cold acclimation 
(e.g. Machler and Nosberger, 1978; Neama, 1982). The ratios of C02 to 0 2 stay 
approximately constant with altitude (Barry, 19 81 ), and hence photorespiration changes will 
be influenced primarily by temperature (Brooks and Farquhar, 1985). Genotypic adaptation 
· to low temperatures may restrict the distribution of plants in higher temperature regions 
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because of exces.5ive photorespiration (.Zelitch and Day, 1973). High-altitude ecotypes of 
some species (e.g. Trifoliumrepens: Machler etal, 1977; Machler and Nosberger, 1978) 
exlnbithigher photorespiration at high temperatures than low-altitude ecotypes. The ratio of 
Rubisco to phosphoenolpyruvate carboxylase has also been observed to increase with 
altitude in the alpine plant Selinum vaginatum (Pandey, Bhadula, and Purohit, 1984), 
reflecting the reduced advantage of C4 metabolism as temperature is reduced. 
1.9 Non-enzymic biochemical changes 
Golley ( 1961) described a significant increase in the calorific content of plants from tropical 
to temperate to alpine environments. Bliss ( 1962b) suggested that this increase may result in 
part from the greater lipid content in alpine tundra plants. He further suggested that the high 
rates of Ra found in arctic and alpine plants may be provided by lipid-rich reserves as well 
as carbohydrates, and that the high Ra rates may account for rapid growth and development 
at low temperatures. The implications of these findings for estimates of primary productivity 
and yield were~ by Billings and Mooney (1968). They described how alpine 
shrubs and herbs have higher calorific values than many tropical and temperate plants, 
especially in evergreen prostrate shrubs, because of their high lipid content Baruch ( 1982) 
found an increase in calorific energy content of giant rosettes with altitude in Venezuela, and 
argued that this increase in energy content is consistent with the views of Grime (1979) on 
stress tolerators. Grime describes stress tolerators as plants with low growth rates and a 
capacity to store and conserve captured resources. These plants must be able to store energy 
for environmentally unfavourable periods, in terms , of growth, and hence allow rapid 
development when a brief favourable period arrives. However, McCown ( 197 8) suggested 
that increased lipid contents is not the result of increased storage but simply of rapid 
synthesis. Levitt (cited in Grill, Pfeifhofer, Tschulik, Hellig, and Holzer, 1988) suggested 
that resistance to frost requires increased thiol contents, this being important for the stability 
of cell structure and frost resistance. Increased levels were found by Grill et al. (1988) for 
high-altitude grown spruce (Pirea abies ). With regard to the storage and transport of 
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metabolites, Berry and Raison (1981) highlighted how movement of assimilate in plants is 
highly sensitive to temperature. The importance of this at high altitudes is unexplored. 
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1.10 Plant evolution in the mountain aerial environment 
1.1 Oi Historical and geographical 
Billings ( 197 4b) gave a good account of the p<>Sfilble origins and evolution of alpine floras. 
These mountain plants spread in the late Tertiary and Pleistocene, moving upwards and 
pos.gbly evolving. The present-day floras of temperate mountain chains are the products of 
migration and natural selection subsequent to the last Pleistocene ice age. Blis.5 (1962a) 
related the importance of establishing the areas of periglacial survival from which 
populations subsequently migrated, and comparing this to the present-day distributions. He 
remarked how good use could be made of autecological and cytogenetic studies for this 
purpose. Many of the plants which now make up the European mountain floras are thought 
to have survived the last ice age to 14 OOO years ago in the Mediterranean region; others 
survived in the more northern unglaciated steppe and tundra regions (Grabherr, 1987), 
recolonizing as the climate ameliorated. This was put eloquently by Darwin ( 1859, p. 367): 
'As the warmth returned, the arctic forms would retreat northward, closely followed up in 
their retreat by the productions of the more temperate regions. And as the snow melted from 
the bases of the mountains, the arctic forms would seize on the cleared and thawed ground, 
always ascending higher and higher, as the warmth increased, whilst their brethren were 
pursuing their northern journey. Hence, when thewarm~had fully returned, the same arctic 
species, which had lately lived in a body together on the lowlands of the Old and New 
Worlds, would be left isolated on distant mountain summits (having been exterminated on 
all lesser heights) and in the arctic regions of both hemispheres'. 
Godwin (1956, pp. 297, 319-20) described how, during the ice ages, the lowland 
periglacial plains of Europe were rich in arctic-alpine and boreal species, and also that some 
alpine plants survived the ice ages on nunataks, and re-established in a downward direction. 
It should not be forgotten that vegetation change since the end of the last ice age has not been 
a simple successional process, with alternating pericxls of warmer and colder climates 
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causing fluctuation. Because of the ecological and geographical isolation of mountains, 
vicariance, speciation, and genetic drift are thought to have occurred frequently. Alpine 
regions are floristically diverse, the European Maritime Alps containing more species than 
the whole of Germany (Grabherr, 1987). Migration of species after the last ice age is 
thought to have brought formerly isolated but closely related species into contact, with 
subsequent hybridization and possibly the production of allopolyploids. 
1.1 Oil General 
Changes in environment with altitude are important in causing genetic differences within 
plant populations (e.g. Slatyer, 1977; Ledig and Korbobo, 1983). Indeed, the classic 
demonstration of ecotypes was made for populations from different altitudes (Turesson, 
1931 ). As described in the previous section, many of the genetic differences found between 
populations at different altitudes appear to be of selective advantage, such as those that cause 
differences in the optimum temperature for photosynthesis (T0 ) (e.g. Fryer and Ledig, 
1972). However, Larcher (1983) warned that typical morphological and physiological 
responses may not be directly adaptive, but incidental and not ~tial for fitnes.5 and 
survival at high altitude. A warenes.5 of a panglOSfilan approach in mountain plant ecology is 
as important as in other areas of biology (Gould and Lewontin, 1979). 
It is important to point out that even if there were no genetic differentiation with altitude, the 
word adaptation may still be applicable when discussing plasticity, such as that found by 
Bonnier (1895) and Clements et al. (1950). Acclimation (used as Bonnier (1895) used 
'adaptation' to mean changes in development which ~r in response to the environment of 
a plant during growth) may be a primary interest, but if it is important to establish whether 
modifications in plants with altitude are selective adaptations, or whether they are simply the 
passive consequence of the environment, a problem presents itself with regard to plasticity. 
Does a modification of physiology that can be induced in a leaf by growing it in an 
appropriate environment, and which increases the plant's ability to pass its genes on to 
future generations in that environment, constitute an adaptation? Titls question is not easily 
resolvable. Indeed, it was the great plasticity of plants, particularly in response to growth at 
different altitudes, that led Bonnier (1920) and Cements, et al. (1950) to conclude that there 
is no reason to invoke natural selection in the formation of new species. It is perhaps best to 
avoid the use of the word adaptation and concentrate on those works where genetic 
differentiation with respect to altitude is proven. Titls includes differences between species 
which have restricted altitudinal distributions, implying that these differences may be, in 
some way, responsible for their different distributions. 
Perhaps with some surprise we find that it is not at all obvious which environmental or plant 
processes are important for plant success at high altitude (Komer and Diemer, 1987). Bliss 
(1985) suggested that no one environmental factor determines the growth of alpine plants. 
Moreover, Grabherr (1987) wrote that it is because of the relatively low importance of any 
one environmental factor that a specific alpine plant type has not evolved. There are, 
however, examples of convergent evolution, such as unbranched, or little branched, giant 
rosette plants in the tropics (Smith and Young, 1987), and cushion-type plants in more 
temperate regions (Bliss, 1962a). 
Wrth increased altitude there seems to be less inter-plant competition for light, water, and 
nutrients (Komer and Renhanit, 1987). Thus the potential for natural selection driven by 
competition for these resources is perhaps reduced. This view is reinforced when 
considering the preponderance of apomixis and vegetative reprcxluction in alpine areas, with 
a resultant decrease in genetic variation, although Silander (1985) suggested that clonal 
plants may not n~y be less genetically diverse than sexual ones. It seems possible. 
that the upper distributional limits of plants on mountains are not set primarily by 
competition , with the capacity for leaf and root growth, long-term ~ bon balance, and low 
temperature survival being of greater importance (Bunce et al. 1979). K-type selection may 
therefore be more likely at high than low altitude (Bliss, 1985). Present-day alpine floras 
may oonsist mostly of those genera and species which possessed sufficient plasticity of 
physiology and morphology to survive the incumbent environment Adaptation need not be 
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invoked to explain features typically a.swciated with alpine plants. 
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1.11 Nard us stricta L. : a tool for mountain plant ecology 
Chadwick (1960) described Nardus stricta L. (Fig. 1.2) as a 'wiry tufted perennial to 40 
(-60) cm tall with vegetative shoots closely compacted on a short rhizome.' Nardus is a 
very rommon ~ in the uplands of Britain, preferring acidic soils (it being a true 
calcifuge: Bradshaw, Lodge, Jowett, and Chadwick, 1960), and over 1270 mm per annum 
(p.a.) of rain (Chadwick, 1960). Nardus also occurs in temperate Asia, N.W. Africa, the 
Awres, Greenland, Newfoundland, and throughout continental Europe (Chadwick, 1960). 
Hulten ( 1950) described its distribution as being 'incompletely boreal-circumpolarwith gaps 
in east Asia and America'. Chadwick ( 1960) noted how extremes of temperature do not 
appear to limit its distribution in Britain. It is considered to be a weed since it often 
dominates moorlands grazed by sheep but is very rarely grazed itself (Bradshaw, Lodge, 
Jowett, and Chadwick, 1958). Thomas and Fairbairn ( 1957) highlighted the unpalatability 
of Nardus. Before upland regions were subjected to heavy grazing pressure, Nardus was 
probably restricted to snow-bed sites (Poore and Mcvean, 1957), and areas of recently 
redistributed peat (Smith, 1918). Indeed, Poore and Mc V ean ( 1957) stated that 'depressions 
dominated by Nardus stricta are one of the commonest signs of late snow-lie throughout the 
Scottish mountains ... '. Prior to the First World War, Nardus was probably less prevalent 
than today because the uplands were grazed by hardywethers (castrated rams). These sheep 
would have grazed Nardus during the unproductive winter months and early spring 
(Chadwick, 1959). However, the post-war (and subsequent) demand for lamb has meant 
that the hill sheep population is now very low from October to April, leaving early spring 
Nardus growth untouched. Because of this, grazing pressure is thought to be responsible 
for the presence of Nardus over the vast areas which it now covers (Roberts, 1935; Fenton, 
1936; Chadwick, 1959; Rawes, 1961; Pearsall, 1971). 
Fig. 1.2. Tussock of Nardusstricta in flower at 187 m in Glen Lyon, Central 
Highlands, Scotland (July). Each shoot is about 160 mm in length. 
43 
44 
Perkins ( 1968) made a detailed study of the phenology of Nardus tillers. It was found that 
each tussock goes through vegetative, generative, and senescent stages, the whole cycle 
lasting up to 37 years. Nardus has a rhizomatous rooting stock from which new tillers are 
produced at the edge of the t:uS&>Ck. Each tiller may live for three years, producing up to 
three leaf blades per year. Persistent leaf blades remain through the winter, following leaf 
die-back (Perkins, 1968). Such a phenology results in the accumulation of much dead 
material, this presumably protecting the overwintering tillers, and probably acrounting for 
its success in snow-bed sites. New tillers are produced in late summer and autumn; some of 
the tillers overwinter in a state of high growth potential (Perkins, 1968). 
From a large sample of British non-woody species, Nardus had the second lowest 
maximum relative growth rate (RGR) (Grime and Hunt, 197 5). Such a low growth rate, and 
~ -
its presence in low nutrient habitats (Bradshaw et al., 1960), places Nardus as one of 
Grime's 'stress-tolerators' (Grime, 1979). A low growth rate may enable nutrient reserves 
to be built up and used conservatively ( Bradshaw, Chadwick, Jowett, and Snaydon, 1964; 
Clarkson, 1967; Grime and Hunt, 197 5). Higgs and James ( 1969) studied the growth rates 
of Nardus and three other grasses. They found Nardus to have very low rates of growth 
with low rates of dry matter production and RGRs. They hypothesized that since Nardus 
grows in low nutrient soils, higher growth rates would lead to nutrient deficiency; thus 
genetically controlled low growth rates would limit nutrient demand and hence be of 
selective advantage. Its unpalatability may also be a means to ensure that it conserves its 
nutrients. A~ (1983) argu~ that nutrient conservation is aitical to the success of 
Nardus. It was found that phosphorus is accumulated in the leaf bases and sheaths when 
supply permits. When the leaves die back in the autumn they probably remove many of their 
nutrients to the tiller bases ready for the next season's growth. 
. Nardus is generally stated to be apomictic (Clapham, Totin, and Warburg, 1962; Hubbard, 
1954). Stebbins ( 1950) desaibed apomixis as 'all types of asexual reproduction which tend 
to replace, or act as substitutes for, sexual methods.' Hence because Nardus reproduces 
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almost entirely by vegetative reproduction (Chadwick, 1959; and references therein), it 
certainly is an apomict. Moreover, the caryopses (hereafter referred to as 'seeds') which it 
produces are also thought to be apomictic ( de Coulon, 1922, 1923). De Coulon found that 
the oospore of Nardus develops parthenogenetically into the embryo; thus Nardus is a 
gametophytic apomict (Chadwick, 1959). Chadwick (1959) also found many abnormalities 
in Nardus microsporogenesis, further evidence for its apomictic status. Nevertheless, he 
warned that 'even a very small amount of sexual reproduction would be an important means 
of bringing about genetic reaMOrtment and of giving rise to some variation which would 
otherwise be denied it'. 
Nardus is a clonal plant, spreading by means of a rhizome which gradually dies, 
fragmenting the colony of ~ks. Hence it is pos.sible that a whole mountain may be 
covered by one clone, or genet Silander ( 1985) argued that clonal plants are an extremely 
important component of the world's flora. Salisbury ( 1942) stated that two-thirds of the 260 
most widespread British species reproduce vegetatively. However, obligate apomicts with 
vegetative reproduction an.d agamosperms are much rarer. With regard to the adaptive 
significance of sexual relative to asexual reproduction, the problem has not been the 
explanation of so much apomixis, but rather the prevalence of so much recombination, 
particularly amongst the animal kingdom (e.g. Maynard Smith, 1978). The details of the 
argument shall not be discussed here, suffice it to say that sexual reproduction seems to 
involve many costs which are not outweighed by short-term selective advantages. Asexual 
reproduction obviates these costs. Th.ere is a 'meiotic cost' to sexual reproduction whereby 
the parent passes only 50% of its genes onto its offspring, whereas this will be 100% for an 
apomict, a doubling of fitness; this is known as the 'mitotic advantage'. Also, asexual 
(vegetative) reproduction means that an organism can rapidly colonize a habitat because of 
unlimited replication of the most fit genotypes. These genotypes are not broken up by 
recombination and the costs to reproduction are minimal. However, many people argue that 






There have been few comparisons of genetic diversity between sexual and asexual 
populations. Silander (1985) argued that there is in fact extensive phenotypic and genotypic 
variation in plant apomictic populations. Like Chadwick ( 1959), Silander stated that even a 
very small amount of genetic recombination will be very important Silander argued that a 
species which is polymorphic for apomixis/reoombination, and seed/vegetative 
reproduction, will have a far greater evolutionary potential than a purely sexual, or a purely 
asexual, species. Silander argued for the necessity of more work on the evolution and 
ecology of apomictic species. Studies on enzyme polymorphisms in plant populations, in 
particular those with relevance to the effects of breeding system and geographical factors, 
were reviewed by Brown (1979). Like Silander, Brown found that inbreeders show more 
geneticvariation than expected. 
In earlier sections of this chapter, changes in plant physiology and morphology which occur 
with altitude were discussed. It was pointed out that although many of these changes appear 
to be of adaptive value, they might not necessarily result from genetic differentiation. This is 
because the reductions in temperature associated with increased altitude might be sufficient 
to bring about the observed physiological and morphological changes through their effect on 
plant development As Nardus occurs over a very wide altitudinal range, it was considered 
an ideal plant with which to investigate the relationship between altituclinally related 
environmental gradients, principally temperature and 002 partial pres.sure, and plant 
development and physiology. 
After a description of the sites used for field experiments and collection of plants (Ch. 2), 
the results of in siw measurements on Nardus at different altitudes are given (Ch. 3). The 
point of these was to see if there were any changes in gas exchange characteristics, leaf 
morphology, structure, and stomatal density, with altitude. These features were examined 
for any correlations which might help in the understanding of the role played by temperature 
in the production of plant phenotypes. 
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From earlier sections in this chapter it is clear that the influence of temperature on leaf 
growth is central to the understanding of the effect of altitude on plants. Genecologists have 
been aware of the powerful selective forces working on plants with regard to growth rate at 
different altitudes at least as far back as the classic work of Turesson (§ 1. 5). Thus Nardus 
plants were collected from different altitudes and the relationship between their growth rates 
and temperature studied (Ch. 4). Photosynthetic responses to different irradiance and C02 
levels of Nardus were also investigated. In addition an experiment was carried out to see if 
the germination responses of Nardus seeds from different altitudes differ in response to 
temperature (Ch. 4). Fmally, to attempt to see if there are indeed any genetic differences in 
Nardus between altitudes, gel electrophoresis ofleaf material was done (Ch. 5). 
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Chapter 2 
Sites used for field work and plant collection 
Three main areas were used for plant collection and field experiments. These were the 
eastern side of Helvellyn, English Lake District; Ben More and some nearby mountains in 
the Central Highlands of Scotland; and the Gomergrat region, near Zermattin Switzerland. 
In addition, Nardus was collected from other sites around Great Britain which will be 
described briefly. 
2.1 Helvellyn, English Lake District 
2. li General description of sites 
Sites at three altitudes on Helvellyn (949 m O.D.) were used for all of the Helvellyn work 
presented here. Each site was about I Ox I O m. 
The lowest site was at 350 m O.D. and named as Site 1 (Figs. 2.1 and 2.2). It was on the 
southern flank of Birkhouse Moor, overlooking Grisedale, with a grid reference of 
NY 377159 (Ordnance Survey: The &glish Lakes NE Sheet). It was different from the 
other Helvellyn sites in being on a 42° slope (facing south), and having relatively small 
Nardus tussocks. The soil parent material was basic to intermediate basaltic and andesitic 
tuff (Borrowdale Volcanics), as under the other two sites (Ward, 1860; Hartley, 1941). The 
soil itself consisted of a peaty layer overlying a very sandy soil; it was a heterogeneous creep 
soil due to the steep slope. The peaty layer had a pH of 4.7, and the sandy soil had a pH of 
4.5. The Nardus was surrounded by Agrostis capillaris and Anthoxanthum odaratum. . 
Site 1 thus fell into McVean and Ratcliffe's (1962) category of a species-poor 
Agrosto-festucetum. facie ( an anthropogenic grass heath). 
Fig. 2.1. Site 1 at 350 m on Helvellyn, English Lake District (December). Looking 
east. 




Site 2 was 1.8 km from Site 1 at 700 m O.D. on a broad ridge between Birkhouse Moor 
and Striding Edge, near a place known as 'Hole in the Wall', GR NY 359155 
(Figs. 2.3 and 2.4). It had a slight slope to the west. The Nardus tusoocks were quite large 
and surrounded by a mat of Galium saxatile, interspersed with Juncus squarrosus . It 
s 
belonged to Mcvean and Ratcliffe's (1952) Nardetum sub-alpinum species-poor faci~, but 
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was also very similar to their species-poor Juncetum squarrosi sub-alpinum f aciq. Here the 
peatwasfairlydeepandwet, witha pH of 4.0. 
Site 3 was 0.8 km from Site 2 and 2.6 km from Site l, at 720 m O.D. close to Red Tarn 
(Figs. 2.5 and 2.6). Though not much higher than Site 2 it was considerably closer to the 
central bulk of Helv,ellyn. It was at GR NY 352154. The Nardus tusoocks here were larger 
than at the other two sites. They were growing in very wet deep peat with a pH of 4.1. This 
s 
site fell into the species-poor Nardetum sub-alpinum faci~, but was also very similar to 
Ratcliffe's ( 1964) Narthecium-Sphagnum vegetation type. 
From observations in the field it was clear that Site 1 was grazed by sheep all year 
(Fig. 2.2), whereas they are removed from the Site 2 and 3 areas from October to April each 
year. Site 3 was in an area with fewer sheep than Site 2. Nardus is only thought to be 
grazed by sheep in the winter (Chadwick, 1959), hence grazing may account for the small 
size of ~ks ·~t Site 1. 
Fig. 2.3. Detail of Sit.e 2 at 700 m on Helvellyn, English Lake District. Looking south. 
I 
Fig. 2.4. General view of Sit.e 2, Helvellyn. Looking east. 
j! 
I 
Fig. 2.5. Sit.e 3 at 720 m on Helvellyn, looking east. 
Fig. 2. 6. Edge of Sit.e 3 in foreground, looking west towards the summit of Helvellyn. 
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2. lii Climate 
The climatological maps of Landsberg, Lippman, Paff en, and Troll ( 1966) showed that the 
Eng]ish Lake District has the very low mean annual total sunshine hours of 1100. The 
energy incident upon a horizontal surface in this region is just over 294 k.J cm-2 yr 1. 
Rainfall was estimated from climatological maps (Ordnance survey, 1967) and tables 
(Air Ministry, 1952). The mean annual rainfall at a small meteorological station just over 1 
km from Site l, at 160 m O.D., was 2356 mm from 1916 to 1950. From the maps of the 
area, Site 3 had a mean of 2540 mm p.a., there being an increasing precipitation gradient 
from the east to the west The mean air temperature for the whole year at a meteorological 
station close to Helvellyn (Grizedale), at 91 m O.D., was 9.5 °Cat 0900 h (Air Ministry, 
1952). The mean temperatures and precipitation for each month at this station is shown in 
Table 2.1. 
Table 2.1. Mean temperaturesandprecipitationforeachmonth atGrizedale (91 m 0 . D.) 
from August 1985 to July 1988 (Meteorological Office, 1985, 1986, 1987, 1988). 
Month J F M A M J J A S O N O Overall 
Prec'n 223 93 236 101 131 104 186 207 171 227 199 296 2174mm 
Temp' 2.7 2.4 4.4 7.2 10.1 12.9 14.3 13.1 11.9 9.3 5.3 5.4 8.25 °C 
In order to ascertain the temperatures at the actual sites, as well as day length and mean 
irradiance levels, microclimatological integrators were left in the field. These instruments 














contained in a plastic box with batteries and silica gel. 1bis box could be buried leaving a 
cable connected to the sensors protruding into the vegetation. There were two 
photosynthetically active radiation (PAR) sensors, one for measurement of PAR itself and 
one used as a day/night switch. Temperature was measured by a bead thermistor coated in 
epoxy resin and protected from direct sunlight by a white shield. Each sensor generated a 
pulse frequency proportional to the environmental variable it was measuring. The circuit 
board contained memory chips in which these pulses were accumulated. Mean frequency 
was obtained by dividing the total pulse count on the memory chips by the time (in seconds) 
over which it had been recording. Fig. 2. 7 shows one of the microclimatological integrators. 
When PAR fell below 0.1 to 1.0 µmol m-2 s-1, recording of PAR and day length stopped, 
starting again when PAR rose above 1.0 µmol m-2 s-1. Day length was recorded by 
counting the pulses produced by a signal of 256 Hz, generated by a quartz crystal. Two sets 
of temperature were recorded, one was continuous, the other day time, the latter being 
switched off by the day/night PAR sensor to give mean day temperature. 
The PAR sensors were calibrated using a projector and slides containing muslin. This was 
done from Oto 1800 µmol m-2 s-1, over which a straight line was obtained. PAR was 
measured with a commercially obtained quantum sensor (Skye Instruments Ltd.).The 
temperature sensors were calibrated by immersion in a water bath, and comparing with a 
standard mercury thermometer. For both calibrations the frequency produced was measured 
with a frequency meter. Linear regressions were calculated for PAR (µmol m-2 s-1) and 
temperature (0C) against frequency (Hz). These calibrations were repeated on integrators 
after the completion of field recording; no significant shift in calibration was found. The 
sensors were placed on the ground surface amongst the Nardus tus&>cks, with no leaves 
obstructing the sky. Batteries were replaced during each trip to read the memories. 
Reading of the memories was done with a C-MOS probe (Mitchell and Woodward, 1987). 
Two main problems encountered were that water tended to enter the plastic boxes, even 
when placed in three plastic bags, and the integrators sometimes reset themselves whilst 
1: 
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being dug up. Thus the results are incomplete. 
An integrator was left at each site on Helvellyn from 27 /10/87 to 14/5/88. Readings were 
taken on 13/12/87 and 27 /2/87, as well as at the end of the period. During the first period 
(November and December, 1987) meandaylengthfellfrom 13.3 hat Site I, to 9.7 hat Site 
2, and 7. 7 h at Site 3. Since no snow had fallen during this period, these differences must 
represent increased fog and cloudiness. Harding (1979) found a decrease in the receipt of 
solar radiation with increased altitude in Britain of between 2. 5 and 3. O MJ m-2 day- t km-1. 
This was ascribed to an increase in cloud cover. In addition, Harding found that sunshine 
duration fell by 1.3 h day-1 km-1. Using the data of Thomthwaite (1948), it was pos.,ible to 
plot maximum mean daylength against latitude for each month of the year. Such plots 
showed that the mean maximum daylength for November at the latitude of Helvellyn is 
8. 5 h. The longer times recorded by the integrators were probably because they record 
daylength until a very low light level is reached, whereas the Thomthwaite data were for 
sunrise to sunset. Mean temperature for this period was 2.3 °Cat Site 1, 0.2 °Cat Site 2, 
and 1.6 °C at Site 3. Day temperatures for the sites were 4.8 °C, 1.1 °C, and 4.8 °C 
respectively. The reason for the higher temperature at Site 3 than Site 2 is difficult to 
explain, though the proximity of Red Tam may have had an ameliorating effect. PAR was 
only available for Site 2 where it was an average of only47 µmolm-2 s-1. 
At a meteorological station close to Helvellyn, at 91 m 0.0., the mean temperature during 
November 1987 was 6.1 °C (Meteorological Office, 1987). During December it was 5.0 °C 
(Meteorological Office, 1987). By weighting for number of days this gives an overall mean 
lapse rate, for the Helvellyn sites, of 0.96 °C 100 m-1 for~ period, though this is reduced 
to 0.67 °c 100 m-1 by taking just the highest integrator into account. However, since the 
meteorological station measures air temperature at 1. 5 m above ground level, these 
calculated lapse rates will include an effect of reduction in measurement height. 
The second reading of the integrators (27 /2/87) was unsucces.mJl due to waterlogging at Site 
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2, automatic resetting at Site 1, and failure to locate Site 3 because of snow. Both of the 
located integrators were replaced. The integrator left at Site 2 was covered with snow back 
to the original depth of about 1 m. 
The third reading (14/5/88) was only succes.mtl at Site 2, Site 3's integrator not surprisingly 
being wet, and Site l 's having reset itself. The mean daylength at Site 2 for this period of 
March through to mid-May was only 2.6 h. This is very low presumably because snow may 
have covered the PAR sensor and hence is not a real estimate of daylength. PAR was rather 
higher than expected with an average of 205 µmol m-2 s-1, and since the reading for mean 
temperature was calculated as -15.3 °C, it is likely that the integrator had not worked 
properly. However, the mean day temperature was an acceptable 2.9 °C. The mean 
temperature at 91 m, close to Helvellyn, was 3.4 °C for March 1988, 7. 7 °C for April, and 
11.1 °C for May (Meteorological Office, 1988). By weighting for number of days this gives 
a mean of 6.6 °C at 91 m for the integrator period. Thus there must have been an overall 
mean lapse rate of at least O. 61 °C 100 m-1 on Helvellyn for this period, but again it must be 
remembered that the height at which the measurements were made is different between the 
integrators and the meteorological station. 
Fig. 2. 7. Microclimatological integrator in use at the Botanic Gardens, Cambridge. For 
use in the field the plastic box is buried, leaving the sensors exposed. 
Fig. 2.8. Ben More (1174 m), Central Highlands, Scotland. Looking up the transect 
from Glen Dochart(March). 
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2.2 Central Highlands, Scotland 
l.li General 
The main site in Scotland for field measurements and collection of Nardus was the 
mountain Ben More (meaning the 'Great Hill'), in the Central Highlands (G.R. NN 433248; 
O.S. Sheet 51, Land.ranger Series) (Fig. 2.8). At 1174 m 0. D. Ben More is the thirteenth 
highest peak in Britain. There is a sense in which Ben More is the archetypal mountain with 
its steep sides, conical form, and easily recognisable summit Wainwright (1988) described 
' this massive lump of quartz-mica-schist thus: '[one] is confronted by the towering presence 
of Ben More, rising in a tremendous upward surge to its summit at 3843 feet, the slope 
thereto being at a gradient of 40 degrees without respite. I have a soft spot for Ben More, 
being another of the few Scottish mountains with a name I can pronounce with confidence, 
but affection does not extend to its ascent and descent The climb directly from the road is an 
unremitting treadmi11 of 3300 feet with toes pointing upwards every step of the way .. .' 
Most of the work was done along a transect from the road in Glen Dochart at 160 m (G.R. 
NN 420262), up the north-west slope to the top, a horizontal distance of 2.25 km, and 
vertical of 1.014 km (Fig. 2.8). It was the presence of such a long unbroken slope that made 
Ben More an ideal place to study the effects of altitude on plants. The transect was clear of 
1rees, though it did run adjacent to a small plantation near to the road. The first 230 m from 
the road was 1~ steep than the rest. This lower portion was in a lowland enclosure in 
which sheep and cattle grazed. Nardus tussocks were present here but of diminished 
proportions compared to a little higher. Grazing by sheep and deer occurred over the rest of 
the transect, but was not severe and appeared to diminish with altitude. Nardus was present 
continuously except between 890 m O.D. and just below the top. This area was very steep 
and exposed with a very thin soil. On the top, Nardus was found in sheltered snow-bed 
areas: Nardus tussocks were largest at about mid-altitude, presumably there being a balance 
between reduced grazing pressure, yet still a relatively hospitable climate. 
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M. D. Morecroft (pers. comm.) examined the soils along this transect. He found no 
consist.ent changes with altitude of extractable ammonium or nitrate. Mineralization and 
nitrification, under laboratory conditions, also did not change. Most available nitrogen was 
in the form of ammonium. It is possible that the decline in temperature with altitude causes 
field rates of mineralization to decline with altitude. Morecroft also found that soil moisture 
content exlubited a sine wave-like pattern with altitude, with a peak at 450 m and a trough at 
850 m. Organic matter content followed the same pattern. A likely explanation for the low 
values of soil water at 850 m is that here the slope was particularly steep. Thus drainage 
would have been better than elsewhere, with the drier soils containing less organic matter. 
2.lii Climate 
The climatological maps of Landsberg et al. (1966) show the western side of Scotland, 
including Ben More, as having an average of between only 800 and 1 OOO hours of sunshine 
per year. Together with part of Iceland this represents the only area of land in the world to 
have such a low amount of sunshine, except for a few of the Western Aleutian Islands in the 
north-west Pacific. Accordingly Ben More is also in the area of lowest incident radiation, of 
less than 294 k.J cm-2 yrl . 
When the average of the four rain gauges closest to Ben More (Meteorological Office, 19 84) 
is taken, a value of 2388 mm p.a. is obtained, similar to that at Grizedale, near Helvellyn 
(§2.1). Rainfall on Ben More itself, especially at high altitudes, is probably greater than this 
total. One of these stations was at Balquhidder (136 m, O.D.), for which the mean rainfall 
and temperature in 1986 is given in Table 2.2. 
By asruming an adiabatic lapse rate of between -0.6 and -0. 7 °C per· 100 m (Manley, 1952; 
Woodward and Pigott, 197 5), it is possible to predict mean temperature at any altitude on 
Ben More. It would, however, be much more desirable to have actual field measurements 
within the vegetation canopy. Hence the microclimate integrators described in §2.1 were 
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Table 2.2. Mean precipitation and temperature for the months of 1986 at Balquhidder, 
136 m O.D. (Meteorological Office, 1986). 
Month J F M A M J J A S O N D Overall 
Prec'n 271 9 305 89 319 70 88 158 40 224 383 416 2372 mm 
Temp' 1 -0.5 4.1 4.3 9.1 12.7 13.5 12.1 10.3 9.3 6.4 4.1 7.2 °C 
used to this end. 
These integrators were left on Ben More for 68 days from 20/5/88 to 27 n /88. They were 
evenly spaced with one near the bottom (230 m), one half way (500 m), and one at the top 
(1174 m). Because of water logging, this period having been extremely wet (Glen Dochart 
was flooded on 27 n /88), the lowest integrator was completely ruined, no attempt being 
made to read its memories. The middle altitude integrator had reset itself, but the one on the 
summit was working well . Hence the binary counts were read off, and the requisite 
calculations made. These showed that during the period from late May to late July 1988, on 
the top of Ben More, mean day length was 17. 7 h. The data of Thornthwaite (1948) showed 
that the mean maximum daylength for June at the latitude of Ben More is in fact exactly 
17. 7 h. Of course the exact matching of this figure to that of the integrator is somewhat 
fortuitous, but nevertheless encouraging. During the day, mean PAR was 150 µmol m-2 s-1, 
and there was a mean day temperature of 1.6 °C. The overall mean temperature was 1.3 °C. 
The Meteorological Office records (Meteorological Office, 1988) gave a mean temperature 
of 14.5 °C during June 1988, at Balquhidder during July this was 12. 9 °C. Balquhidder is in 
a glen close to Ben More at 136 m O.D. 
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On many occasions it has been found that the windspeed experienced on the top of Ben 
More was lower than that on its flanks. This surprising feature was borne out in the data of 
Woodward (1983). It was found that though mean windspeed (measured from June to 
September 1981) increased from 0.2 m s-1 at 230 m, to 2.2 m s-1 at 890 m, it then fell to 
0.9 m s-1 at 1150m. Thereasonforthetopof BenMorebeinginawindshadowis unclear. 
From observations in the field it was clear that the distribution of Nardus on the top of Ben 
More was closely linked to the presence of late-lying snow. This is consistent with its 
distribution at high altitudes on Helvellyn. At lower altitudes the presence of Nardus is 
probably explained by the selective grazing of sheep. 
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2.3 Valais, Switzerland 
2. 3i General 
During September 1987 Nardus plants were collected from six altitudes in Switzerland. The 
sites used were between Zermatt and Gomergrat in the V alais region. All place names are 
taken from Map no. 1348 of the BundesamtfiirLandestopographie, 3084 Wabern 1982. 
The highest site was at 2865 m, close to Gomergrat This is probably the highest site for 
Nardus in Europe (Hegi, 1935). It was located at 7°46'15" E; 45°60'15" N. It was on a 
south-facing slope and had a thin soil. The second site was at 2680 m, a few kilometres 
north of Gomergrat in a valley called Tufterchumme. This was at 7°47'20" E; 46°02'30" 
N, and like the remaining sites it had no recognizable slope. The third site was close to 
Riffelberg station (serving the Gomergrat mountain railway) at 2588 m. It was located at 
' 
7°45'40" E; 45°59'50" N. The fourth site was in an area called Bodmen, at 7°45'30" E; 
45°59'80" N, and was at an altitude of 2330 m. This site, unlike the others, had a large 
sward of Nardus. The fifth site was at 2220 m, close to a church just above the 1reeline at 
Riffelalp. It was located at 7°45'10" E; 46°00'15" N. The final site was at the lowest 
altitude where Nardus could be found in the area. This was below a gap in the canopy about 
10 m ~. in the forest at 1940 m, a very different site from the others which were all in 
the alpine region. This site was at 7°43'50" E; 46°00'20" N. Except for at the 2330 m site, 
Nardus was only ever found in small groups of a few ~ks. 
2. 3il Climate 
The climatological maps of Schiiepp and Schirmer (1977) showed the Zermatt region to 
have substan1ially more sunshine than Britain, with an average of 1950 hours per year. The 
incident radiation is also greater at 462 kJ cm-2 s-1. The reasons for greater amounts of 
irradiance in Switzerland than Britain are partly its more southerly latitude, and partly the 
greater continental, as opposed to maritime, influence on its climate. In addition, the 
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permanent snow at high altitudes reflects much radiation to intensify the continental 
influence (Schiiepp and Schirmer, 1977). 
The mean annual precipitation at2.ermatt (1600 m) is between 2000 and 3000 mm (Schiiepp 
and Schirmer, 1977). The mean January temperature is just under -5 °C, and the mean July 
temperature is 10 °C (Schiiepp and Schirmer, 1977). 
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2.4 Other sites and summary 
Nardus stricta was also collected from some other sites in Britain; these were in the Peak 
District, New Forest, and on Snowdon. The sit.e in the Peak District was a sheep field at 
230 m 0.0. The New Forest sit.e was at 60 m 0.0., and grazed by ponies. The Snowdon 
sit.e was at 700 m 0.0. and showed signs of some sheep presence. Some field gas exchange 
measurements were made on Nardus along a south-facing transect at 400 m, 575 m, and 
1 OOO m on Meall nan Tarmachan, a mountain close to Ben More. 
Measurements ofleaf length and thickn~ were made on Nardus and Alchemilla alpina on 
Ben Chonzie and Ben Vorlich. These two mountains are in the same region as Ben More, 
though with differing mean annual precipitation values. The mean 1984 totals for the four 
rain gauges closest to each of these mountains were 1511 mm for Ben Chonzie, 2388 mm 
for Ben More, and 3226 mm for Ben Vorlich (M. 0. Morecroft, pers. comm.). The reason 
for these differences is that the mountains are along an east-west transect with Ben Vorlich 
to the west, and hence receiving more precipitation from the North Atlantic weather systems. 
Comparison of the three main sites, Helvellyn, Ben More, and the Zermatt area, shows them 
all to have over 2000 mm of precipitation p.a. At a given altitude, Ben More is colder than 
Helvellyn by an average of 1.1 °C (comparing Tables 2.1 and 2.2). Generally, Zermatt is 
colder than any altitude on both Helvellyn and Ben More during the summer; in the winter it 
is much colder. The main difference between the British and Swiss sites is the greater 
amount of ~ce received in Switzerland. Also, since sunshine hours are greater in 
Switzerland than Britain, it is possible that mean irradiance does not fall with altitude as it 




Carbon fixation by Nardus in the field 
3.1 Introduction 
In order to attempt to explain the phenomenon of high photosynthetic rates in plants growing 
at high altitudes (see Ch. 1), the gas exchange characteristics of Nardusstricta were studied 
under field conditions at different altitudes in Scotland during the summers of 1986, 1987, 
and 1988. 1bis work was complemented by measurements on Vaccinium myrtillus in 1986 
and 1987. The purpose of these measurements was to examine the relationship between 
altitude, physiology, and physiological process. Komer and Diemer (1987) suggested that 
species growing at high altitudes have higher values of ECU (Efficiency of Carbon Uptake) 
and Amar than those from lower altitudes. It has been found that because of this, and the 
opposing effect of reduced temperatures and carbon dioxide partial pressure, there is no 
overall change in photosynthetic rates with increased altitude under conditions of high 
irradiance, when photosynthesis is light-saturated (Mooney et al. 1964; Greer, 1984; 
Komer and Diemer, 1987; Ch. 1). Both the possible mechanisms for these features and the 
way in which they are expres.sed were investigated between plants of the same species at 
different altitudes. 1bis work is described in both this chapter and the following one 
(Ch. 4). 
It is logical to start with field measurements since these prcxluce questions which can be 
investigated more thoroughly under controlled environment conditions. These investigations 
can be carried out on plants which have developed in the field and on those which have 
developed in the growth room or greenhouse. Studies on the former under controlled 
conditions enable more detailed and controlled measurements than could be possible in the 
field, but measured on the field phenotypes. Studies on the latter enable the genotype itself 
to be studied when different plants are allowed to develop under the same conditions. 
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Measurements of photosynthesis were made on Nard.us and Vaccinium in the 1986 and 
1987 growing seasons at different altitudes on the mountains Ben More and Meall nan 
Tannachan (see Ch. 2 for a description of these sites). These were spot samples made with a 
portable infra-red gas analyzer (IRGA), which also records many other plant and 
environmental parameters such as conductance and irradiance. The same leaves used for 
these measurements were collected for determination of 513C and nitrogen content. As 
described in Ch. 1, leaf 5IJC values enable prediction of average P!Pa for the life of the 
leaf, and hence enable the mean relative limitations to photosynthesis by stomata! 
conductance and Rubisco activity to be ascertained. Korner et al. (1988) found thatmean 
513C of leaves, from sites reputed to be non-drought~. increased with altitude on a 
global scale. This fits well with the finding of increased BCU with altitude by Korner and 
Diemer ( 19 87) since this will cause p/p8 to fall. Though conductance was found to increase 
with altitude, this was not as great as the increase in BCU. 
Hence 51JC values are a powerful method for measurement of mean leaf gas exchange 
characteristics. By making spot measurements of gas exchange on the same leaves used for 
513C measurements, it was possible to predict 613C from these spot samples and compare 
them to the actual values. Thus the long-term relevance of these short-term measurements 
could be ascertained. Because this study investigated between-population variation it enabled 
a more thorough study of the precise response of plants and their gas exchange 
characteristics to altitude than had previously been possible. 
s 
Since amoun~of Rubisco and leaf nitrogen content are often closely related (Evans, 1989), 
the amount of nitrogen per unit leaf area for the same leaves used for gas exchange 
measurements in 1986 and 1987 in Scotland was measured. The aim was to then compare 
these measurements with the other measured parameters, and to see if there was any 
altitudinal trend. 
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During another trip to Scotland, at the end of the 1987 growing season, Nardus plants were 
collected from three altitudes on Ben More from which stomata! densities of both the adaxial 
and abaxial surfaces were measured. Any change in stomata! density with altitude could then 
be related to the measurements of gas exchange. The importance of leaf thickness was 
stressed in Ch. 1. Because of this, leaf thickness was measured at different altitudes on both 
Ben Chonzie and Ben Vorlich in Scotland. Unfortunately the opportunity to do so on Ben 
More did not occur. Leaf length was also m~. In addition, these two parameters were 
measured in the wide-ranging species Alchemilla alpina for comparison. 
In order to further test the findings of Komer and Diemer (1987) of increased BCV with 
altitude, equipment was constructed to enable measurement of photosynthesis in the field at 
different C02 mole fractions (Fig. 3.1). This would allow plotting of curves which should 
have enabled the ECUs of Nardus at different altitudes to be compared. Where possible 
Potentilla erecta was also measured, for comparison. Ideally, partial pressure of C02 (and 
all other gases) should have been altered to obtain Am curves, but this proved to be 
technically impracticable. However, even though the same leaves were used for each series 
of C02 mole fractions, the rates of photosynthesis did not change in the manner expected for 
either Nardus or Potentilla. Because of this, and other practical problems, these methods 
and results will not be presented. 
In 1987, Nardus plants were collected from six altitudes over the range 1940 to 1865 m in 
Switzerland; these sites are described in Ch. 2. Soon after transfer to greenhouse 
conditions, leaves of these plants were sampled and sections made. These leaves had fully 
developed in the field. The aim of making these sections· was to see if any morphological 
features changed in a regular way with altitude, and whether any are correlated with each 
other. It was of particular interest to see if leaf thickness or cell size changed. Stomata were 
counted by section and epidermal peel, the aim being to see if density on either surface was 
correlated with altitude and/or any other morphological features. Any relationship between 
characters such as leaf thickness and stomata! density will be relevant to explanations of 
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altitudinal changes in gas exchange (Ch. 1 ). 
Fig. 3 .1. ADC IRGA and gas cylinder for making measurements of photosynthesis at 
different C02 concentrations. 
Fig. 3.2. IRGA with leaf chamber and gas supply unit. 
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3.2 Materials and methods 
3.2i Gas exchange in the field at ambient C02 levels 
Leaf gas exchange was measured with a portable gas analyzer (Type LCA, Analytical 
Development Company Ltd, Hoddesdon, Herts, UK), which supplied air at a fixed flow 
rate with a mass-flow controller, to a leaf chamber (A.D.C. Ltd, 'Narrow-leaf Parkinson 
chamber) and an infra-red gas analyzer (IRGA). A DL-2 data logger was connected to the 
IRGA. This basic set-up was used in mid-July 1986 and late June 1987 (Fig. 3.2). It was 
also n~ary to know the absolute atmospheric pres.IDre. This was measured with an 
anaeroid barometer (altimeter). 
The raw data, along with calculated values, were automatically stored in the data logger as 
the measurements were made. After a day's work the data logger was connected to a 
portable IBM compatible computer (e.g. Olivetti personal computer MIS), running a 
program adapted from that supplied by A.D.C. and based on the equations of von 
Caemmerer. and Farquhar (1981). This program is listed in Appendix I. and includes 
subroutines for saving raw data from the data logger, proces&Ilg, and printing these data. 
Gas exchange of Nardus in the field was measured between 200 m and 117 4 m along a 
transect up the north-west and south-facing slopes of Ben More (see Ch. 2 for more details 
of these sites). Measurements were made at three altitudes in both 1986 (200 m, 500 m, and 
790 m) and 1987-(200 m, 350 m, and 1100 m), and at five altitudes (305 m, 540 m, 550 m, 
800 m, and 1174 m) in 1988. In 1986 and 1987, measurements were made on eight to ten 
leaves of Nardus at a time on each of five plants. Leaves within the leaf chamber were cut 
from the plant and stored in sealed plastic bags for subsequent measurements of leaf area, 
nitrogen content, and dry weight The temperatures of about 20 leaves at each site were 
measured with tine, sharpened thermocouples which were inserted into the leaf, from the 
abaxial surface. Measurements of air temperatures and humidity were made within the 
71 
vegetation, using a combined thermistor and humidity sensor (V aisala UK Ltd., 
Cambridge). 
The daily sequence of gas exchange measurements was up an altitudinal transect, with the 
first measurements at circa 1 OOO h and the last measurements at 1500 h. 1bis sequence 
ensured that the leaf to air vapour~ deficit had no altitudinal trend. At all sites in 
1986 and 1987 the vapour pressure deficit was between 0.9 and 1.2 kPa; the water vapour 
mole fraction also changed little and was between 10 and 13 mmol mol-1. Similarly, mean 
leaf temperature, at a PAR greater than 650 µmol m-2 s-1, varied rather little, from 22. 5 °Cat 
220 m to 20.9 °Cat 1000 m, in 1986. The range of temperatures was very similar in 1987 
(24.2 °Cat 220 m to 21.3 °Cat 1100 m). The lack of a significant trend in vapour~ 
deficit with altitude will minimize site-specific differences in stomata! conductance 
(Woodward, 1986). 
All measurements of gas exchange were made at irradiances greater than 650 µmol m-2 s-1 
(range 650 to 1485 µmol m-2 s-1 ). Laboratory measurements on Vaccinium (Woodward, 
1986) and Nardus (Woodward, unpublished) have indicated that the photosynthetic rate 
was at least 90% light saturated at 650 µmol m-2 s-1. 
Molar units were used for the measurements of gas exchange to avoid a dependence on 
pressure and temperature (Cowan, 1977). Computations of conductance, photosynthesis, 
and Pi were made according to the methods of von Caemmerer and Farquhar ( 1981 ). 
In order to test the significance of changes in the measured parameters between altitudes, 
years, and species, a program for performing an analysis of covariance was written in 
Pascal; this is given in App. Il. The purpose of this program is to detect simUarity or 
difference between linear regression lines. These differences may be of residual variance, 
slope, or elevation (i.e. difference along they axis). If the variances differ between the 
regressions then no further comparisons can be made; if they are not significantly different 
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from one another then the slopes can be compared. If these are the same then, finally, a 
comparison of the elevations can be made. For each test the program generates an F statistic 
and the relevant degrees of freedom (see App. II). The mathematics used for these 
comparisons were taken from Snedecor and Cochran ( 1980). 
3.lii Carbon isotope discrimination ( ~13C) 
As described in Ch. l, measurements of leaf 5 l 3C can be used to establish mean gas 
exchange characteristics for the life of the leaf up to the time of sampling (Eqn. 1.1 ). 
About 20 leaves of Nardus were collected from different altitudes on Ben More between 
200 m and 960 m in 1986 and 1987. These were oven dried and weighed together with 
those leaves used for the gas exchange measurements (§3.2i). Half of the leaf material from 
each altitude was analyzed for 5 l 3C using a technique based on the method described by 
O'Leary, Treichel, and Rooney (1986) (Friend, Woodward, and Switsur, 1989). The 
isotopic composition of C02 released by the complete combustion of leaf samples was 
analyzed by a VG Micromass Sira Mass Spectrometer. The measurements were reproducible 
to +/- 0.05 %0, and were made in relation to the PDB Standard (Craig, l987). 
5 l 3C measurements were also made on leaves of Nardus from tus&>cks collected from 
Switzerland in early September 1987. These sites are described in §2.3. The tus&>cks had 
been 1ransferred to a greenhouse in Cambridge in plastic bags and potted in John Innes 
No. I. Five leaves were cut, for 5 l3C analysis, 20 mm from their bases from each tus&>ck, 
with two tussocks being used from each of the altitudes 1940 m, 2220 m, 2330 m, 2588 m, 
2680 m, and 2865 m. Leaves were sampled for 513C measurements 74 days after being 
harvested.Since the tus&>cks showed very little new growth since harvesting, it was clear 
that those leaves sampled had fully matured in the field. The carbon isotope ratios for these 
samples were ascertained as for those from Ben More. 
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3.2iii Leaf nitrogen 
The half of the dried Nardus leaf samples collected on Ben More in 1986 and 1987 not used 
for 613C measurements was used for measuring total leaf nitrogen by a micro-Kjeldahl 
method (Hesse, 1971). 
3.2iv Sections 
Transverse sections were made in the middle of leaves of tus&>cks collected from 183 m, 
345 m, 624 m, and 862 m on Ben More 50 days after collection. In addition, transverse 
sections were also made 7 4 days after collection on leaves cut from tus&>cks collected from 
all six sites in Switzerland. These sections were made at the base, middle, and tip of each 
leaf. Four leaves were sampled from each altitude with a total of about 15 sections per leaf 
(five at each position). 
Some sections were damaged and thus could not be used. The sections were 10 µm in width 
and stained with safranin (for lignin, nucleus, etc.) and fast green (for cellulose). They were 
examined at x400 with a Nikon 'Optiphot' microscope. An eye piece graticule of 100 units 
was used to measure the dimensions of the sections. 
3.2v Stomatal counts 
Leaves of Nardus tus&>cks collected from both Ben More and Switzerland were used for 
measurements of stomata! densities using epidermal peels. The Ben More material was 
collected from 230 m, 550 m, and 1074 m on the north-west slope (see §2.2) in late October 
1987, and counts made within 15 days of sampling. Both abaxial and adaxial peels were 
made on six leaves from 230 m, six from 550 m, and eight from 1074 m. The Swiss 
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material used was from all six altitudes sampled in 19 87. Both abaxial and adaxial peels 
were made on three leaves from 1940 m, four from 2220 m, four from 2330 m, four from 
2588 m, five from 2680 m, and five from 2865 m, each leaf being taken from a different 
tussock. All peels were made from the middle region of each leaf. The solution used for 
imprints was initially 10% polystyrene, with or without the addition of 0.1 % Sudan m in 
ethyl acetate. The solution without Sudan m proved easier to use and was thus employed 
for most counts. Since Nardus has tightly inrolled leaves it was difficult to flatten them out 
for application of the solution. The best results were obtained by forcing the leaf open with a 
finger nail and sticking the unrolled leaf around a test-tube with tape, keeping the inner 
(adaxial) side uppermost A drop of solution was then applied with a needle and allowed to 
run as far as possible along the leaf. After a minute or so the now set solution was peeled off 
using a sharp needle and mounted on a slide. The leaf was then turned over and the same 
technique applied to the abaxial surf ace. It proved best to take the peel off before it became 
too set, but not too soon otherwise stretching would occur. 
Counts were made using a Nikon 'Optiphot' microscope at x400 for the adaxial surface and 
xlOO for the abaxial surface. This difference was because of the large difference in stomatal 
density between surfaces. At xlOO the area viewed was 2.405 mm2, whereas at x400 it 
was 0.1626 mm2. For each slide 30 fields were randomly chosen by moving the stage. On 
some peels there was not enough room for such a number without excessive repetition, 
hence fewer were done. 
After most of the-data had been collected it became clear that the between-leaf variance in 
stomatal density was much greater than that within. Using analysis of variance on a subset 
of the data (four altitudes, each with four leaves), the variance ratio between leaves was 
0.75, and that within was 0.19. Thus for maximization of overall variance (and subsequent 
maximization of sampling efficiency) the number of leaves counted . should be 0. 7 5/0.19 .. 
four times the number of counts per leaf (on one surface). Since about 20 leaves had been 
collected from the Swiss material at that stage it was decided to count five fields on each leaf 
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for the remaining peels. 
Regres.gons were made using Genstat 5. A program was written which used the means 
weighted by the sample size. 
3.2vi Leaf lengths and thicknesses in Scotland and the Lake District 
In September 1984, tussocks at each site on Helvellyn were harvested in order to measure 
leaf lengths. The leaves of all tussocks were cut as close to the ground surface as possible. 
In practice this meant at the top of the persistent leaf bases. Tussocks were chosen randomly 
by throwing a 25 x 25 cm square quadrat Because of the large variation in tussock 
dimensions between the sites, 49 were sampled from Site 1, 19 from Site 2, and 11 from 
Site 3. The lengths of a random sample of about 450 leaves from each site were measured 
with a ruler from the croppings. 
During mid-May 1988 leaf length and thickness of Nardus stricta and Alchemilla aJpina 
leaves were measured on the Scottish mountains Ben Chonzie and Ben Vorlich; these 
mountains are both in central Scotland. Due to inclement weather no measurements could be 
made of Nardus leaves on Ben More. However, Alchemilla had been collected from Ben 
More for another purpose, enabling measurementofleaves after harvesting. 
Leaf length was measured using a ruler. For Nardus this was the distance form the tip to 
the dead leaf b~, a point easily identifiable on all tussocks where more or less horizontal 
leaves branch off. For Alchemilla the distance from the tip of the middle leaflet to the point 
from which all the leaflets radiate, was used. Leaf thickn~ was measured with a hand-held 
dial thickness gauge, no. 7301 (Mitotoyo MFG. Co., Japan). 
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3.lvii Correlations 
Product-moment correlation coefficients (r) between the parameters measured on the 
sections (§iv), and three other parameters, were calculated with a Genstat 5 routine. The 
data used were the means of measurements made on the leaves of Nard.us plants collected 
from six altitudes in Switzerland. The sectional means were in triplicate, one from each of 
the base, middle, and tip of the leaves (except the base of leaves from 1940 m). These 
parameters were adaxial and abaxial stomata! number and cuticle thickness, mid-rib 
thickness, cell size, and number of hairs on the adaxial surface per section (see §iv). The 
other three parameters used were only from the middle region; these were adaxial and 




3.3i Gas exchange in the field at ambient C02 levels 
Photosynthesis of Nardus strict.a in 1987 displayed a statistically significant increase with 
altitude (Fig. 3.3). Regr~on analysis of this and other data is given in Table 3.1. 
Photosynthesis increased non-significantly for Nardus strict.a in 1986 and for Vaccinium 
myrtillus in both years. However, if all the data are pooled there is, overall, a very 
significant increase in photosynthesis with altitude (p<O.01 ). From analysis of covariance 
it was found that in Nardus, photosynthesis was higher in 1987 than 1986 (p<0.01), as 
was the case for Vaccinium (p<0.05). There is a striking simUarity between the 
observations of photosynthesis between Nardus and Vaccinium at different altitudes for 
eachyear. 
w ~ c.JkJ:.-d. e 
Conductance increased significantlylin both years and for both species (fable 3.1). There 
was greater conductance in 1987 for both species (p<O.01 ), which is clear from Fig. 3.4. 
From the output of the IRGA it was possible to calculate p/p8 by dividing the calculated leaf 
air space C02 mole fraction by that in the reference air stream. This value was calculated 
because it indicates the relative importan~ of stomata! conductance and photosynthesis, and 
is thought to be directly related to l513C (Farquhar et al., 1982). It is plotted in Fig. 3.5. 
From Table 3.1 it is clear that p/p8 increased significantly in both species in 1986, but not 
in 19 87. From analysis of covariance it was found that p/p8 was significantly greater in 
1987 than 1986 for Nardus (p<0.01), and that the slopes for Vacciniumdiffered between 
the years (p<0.05). If the slopes differ then one cannot compare elevations (here used to 
mean relative position on they axis). 
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3.3 Results 
3.3i Gas exchange in the field at ambient C02 levels 
Photosynthesis of Nardusstricta in 1987 displayed a statistically significant increase with 
altitude (Fig. 3.3). Regression analysis of this and other data is given in Table 3.1. 
Photosynthesis increased non-significantly for Nardus stricta in 1986 and for Vaccinium 
myrtillus in both years. However, if all the data are pooled there is, overall, a very 
significant increase in photosynthesis with altitude (p<O.01 ). From analysis of covariance 
it was found that in Nardus, photosynthesis was higher in 1987 than 1986 (p<0.01), as 
was the case for Vaccinium (p<0.05). There is a striking simUarity between the 
observations of photosynthesis between Nardus and Vaccinium at different altitudes for 
eachyear. 
w ~ c.J;kd,,..d. e 
Conductance increased significantly[in both years and for both species (fable 3.1). There 
was greater conductance in 1987 for both species (p<O.O 1), which is clear from Fig. 3.4. 
From the output of the IRGA it was possible to calculate p/p8 by dividing the calculated leaf 
air space 002 mole fraction by that in the reference air stream. This value was calculated 
because it indicates the relative importan~ of stomata! conductance and photosynthesis, and 
is thought to be directly related to 1513C (Farquhar et al., 1982). It is plotted in Fig. 3.5. 
From Table 3.1 it is clear that PIPa increased significantly in both species in 1986, but not 
in 19 87. From analysis of covariance it was found that PIPa was significantly greater in 
1987 than 1986 for Nardus (p<0.01), and that the slopes for Vacciniumdiffered between 
the years (p<0.05). If the slopes differ then one cannot compare elevations (here used to 
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Fig. 3. 3. Trends in photosynthesis with altitude on Scottish mountains for 1986 
(open symbols) and 1987 (closed symbols). Means given with standard errors for 
five plants, with measurements on 5 to 10 leaves per plant (a) Nardus stricta ; 
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Fig. 3.4. Trends in conductance with altitude on Scottish mountains. Symbols 
and sampling as in Fig. 3.3. (a) Nardus strictJJ ; (b) Vaccinium myrtillus . 
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Fig. 3.5. Rati~ of internal to external C04 partial pressure. Symbols and 
sampling as in Fig. 3.3. (a) Nardus stricta; (b) Vaccinium myrtillus. Regres.gon 
analysis in Table 3.1. 
Table 3.1. Linear regression analysis of data in Figs. 3.3 to 3.8. All regressions against 
altitude (m). 
Figure Response Year Constant Slope r2 P< 
variate X 103 
3.3 (a) Photosynthesis 1986 5.9 1.1 0.75 n.s. 
(µmol m-2 s-1> 1987 6.5 2.1 0.96 0.05 
(b) 1986 5.5 1.3 0.88 n.s. 
1987 6.3 1.4 0.96 n.s. 
3.4 (a) Conductance 1986 41.2 20.0 0.84 0.01 
(mmol m-2 s-1) 1987 89.3 35.0 0.99 0.01 
(b) 1986 41.9 43.0 0.78 0.001 
1987 106.3 46.0 0.81 0.001 
3.5 (a) P!Pa 1986 0.58 0.08 0.82 0.01 
1987 0.76 0.03 0.21 n.s. 
(b) 1986 0.66 0.08 0.90 0.01 
1987 0.82 0.03 0.44 n.s. 
3.6 (a) Leaf nitrogen 1986 83.8 12.5 0.30 n.s. 
(mmolm-2) 1987 83.2 29.6 0.98 0.05 
(b) 1986 70.6 21.3 0.59 0.05 
1987 82.2 26.6 0.62 0.05 
3.7 (a) 1513C 1986 -26.6 1.49 0.27 n.s. 
(%0) 1987 -26.5 -0.94 0.67 0.05 
(b) 1986 -28.6 1.26 0.16 n.s. 
1987 -29.1 -0.57 0.91 0.01 
3.8 1987 -29.8 -0.35 0.00 n.s. 
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3.3ii Leaf nitrogen 
Leaf nitrogen increased significantly with altitude in all cases except for Nardus in 1986 
(fable 3.1 and Fig. 3.6). Leaf nitrogen values for Vaccinium were greater in 1987 than 
1986 (p<0.01). Grouping between species showed that leaf nitrogen values were 
significantly greater in 1987 than 1986 for both species (p<O.O 1). 
Using analysis of variance it was found that over 90% of the variance in photosynthetic rates 
between altitudes and years could be explained by variation in stomatal conductance and leaf 
nitrogen, with stomatal conductance accounting for 7 8% of the variance in Nardus, and 
83% in Vaccinium. 
3.3iii Carbon isotope discrimination (513C) 
The relationship between613C and altitude in Scotland is given in Fig. 3.7. In 1987 there 
was a significant decrease in both species, but no trend is evident for 1986 (fable 3.1). 
Fig. 3.8 (plotted on the same scale for ease of comparison) shows that there was also no 
trend of 513C in the Swiss material, in 1987. All values obtained were lower than any for 
the Scottish material. 
Predicted613C values were obtained by inserting the mean PIPa spot values (shown in 
Fig. 3.5) into Eqn. 1.1. These are plotted against measured 6l3C in Fig. 3.9. Predicted 
values were more similar to those observed in 1986 than 1987. In 1987 the observed values 
were between 1.5 and 30/oo higher than those predicted. This suggests that average PIPa 
may have been lower in 1987 than 1986, due to a greater (relative or absolute) limitation to 
C02 fixation by stomatal conductance. 
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Fig. 3.6. Trends in leaf nitrogen with altitu4e. Symbols and sampling as in 
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Fig. 3. 7. Trends in leaf 513C with altitude in ~tland. Symbols as in Fig. 3.1. 
































Fig. 3.8. Measurements of leaf 513C for Nardus from different altitudes in 
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Fig. 3.9. Relationship between predicted and observed values of 513C for the 
same leaves. Open square= Nardus stricta, 1986; filled square= Nardus, 1987; 
~ = Vacciniummyrtillus, 1986; cross in square= Vaccinium, 1987. 
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3.3iv Sections 
The results from the sections of the Swiss Nardus plants are given in Table 3.2. Typical 
sections are shown in Figs. 3.10 and 3.11. These were initially examined to see if any of the 
parameters changed from the base to the tip of the leaf. Linear regresmons were made using 
a dummy variable for position along the leaf (i.e. 1 =base; 2=middle; and 3=1ip ); subsequent 
regressions are given in Table 3.3. There was no change in stomata! frequency on either 
surface along the leaves. However, both adaxial (p<0.001) and abaxial (p<0.025) cuticle 
thickness increased significantly from the base to the tip (Table 3.3; Fig. 3.12). It was clear 
from the sections that the cuticle is laid down on the outer surfaces first; this is the abaxial 
surface for a rolled Nardus leaf. There is no obvious difference between leaves from 
different altitudes, except perhaps the adaxial cuticle of leaves from 1940 m which appears 
to be thinner than at other altitudes. Overall the abaxial cuticle is thicker than the adaxia1 
(Fig. 3.10). Both mid-rib thickness (Fig. 3.13(a)) and mesophyll cell size (Fig. 3.13(b)) 
decreased along the leaves, but not significantly (Table 3.3). In all sections, hairs were 
present on the adaxia1 surface. These were counted to see if they changed in density with 
altitude, and/or if their density was correlated with other features such as stomata! density. It 
was found that number of hairs on the adaxial surface increased from the base to the tip, 
againnotsignificantly (Fig. 3.14and Table 3.3). 
The data were also examined for trends with altitude. Counts of stomata visible in the 
sections revealed no significant trend with altitude on either the adaxia1 or abaxial surface 
(Fig. 3.15 and Table 3.3). Neither was there a significant trend with altitude of cuticle 
thickness on either surface (Fig. 3.16 and Table 3.3), though the adaxia1 cuticle was 
significantly thicker (p<0.05) at 2865 m than at 1940 m. Similarly there was not a trend in 
mid-rib thickness, cell size, or hair frequency (Figs. 3.17 and 3.18, and Table 3.3). 
Fig. 3.10. Section of Nardus leaf from 2588 m in Switzerland. Vertical distance across 
section is 481 µm. 
Fig. 3.11. Detail of section of Nardus leaf from 2330 m in Switzerland showing 
bullifonn cells and stomata. Maximum distance from outer to inner surface is 184 µm. 
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Table 3.2. Results from the sections of Swiss Nardus leaves. Means given with standard 
errors. Mean sample size of 5. 
Altitude Adaxial Abaxial Abaxial Adaxial Mid-rib Cell No.of 
(m) stomata stomata cuticle cuticle thickness size hairs per 
(per (per (µm) (µm) (µm) (µm2) section 
section) section) 
Base of leaf: 
2220 9.5±.0.5 0.0±. 0 0.0±. 0 0.0±. 0 193.5±.1.25 101.3±.24.3 10.0±.3.0 
2330 7.0±.1.0 0.0±. 0 2.6 ±. 0 o.o±.o 235.9±.2.6 139.7±.14.1 5.5 ±.o.5 
2588 8.0±.1.0 0.0±. 0 0.0 ±. 0 0.0 ±. 0 183.3±.1.3 64.1±.5.1 15.0±.1.0 
2680 5.5 ±.2.5 0.0±. 0 2.7±.0.1 0.0±. 0 235.9±.2.6 105.1±.2.55 11.5 ±. 3.5 
2865 8.0±.1.0 0.0 ±. 0 2.5 ±.0.15 o.o±. o 191.0±. 1.3 116.7±.8.95 26.5±.0.5 
Middle ofleaf: 
1940 7.3 ±.0.8 0.17±. 0.17 2.8±. 0.14 1.6±. 0.21 208.5±. 0.9 77.8±.8.1 11.0±.1.0 
2220 7.5±.0.8 0.00±. 0 4.0±.0.4 2.6±. 0 184.6±.1.5 68.4±.4.3 15.3±.1.4 
2330 10.0±.0.97 0.17±.0.17 2.7±.0.1 2.2±.0.1 208.1±.1.1 86.3±.4.8 11.0±.1. 7 
2588 1.2±.0.15 0.00±. 0 3.1 ±.0.37 2.2 ±.0.2 211.5±.0.75 · 103.6±.14.0 13.4±.1.2 
2680 8.0±.0.9 0.33±.0.33 3.6±.0.8 2.2±.0.2 239.7±.0.7 96.6±.5.6 12. 7 ±. 0.3 
2865 9.5±.0.9 o.oo±. o 2.7 ±.0.07 2.9±.0.2 184.6±. t.5 82.9±.9.4 18.7±.2.9 
Tipofleaf: 
1940 8.5 ±.2.5 0.0±. 0 3.3 ±.o.5 2.3 ±.0.3 210.2±. 2.6 85.9±.21.8 12.5±.4.5 
2220 6.5±.0.5 0.0±. 0 3.1 ±.0.25 2.6±. 0 179.5±.2.55 60.3±.3.85 24.5±.1.5 
2330 6.0±.0.~ 0.0±. 0 3.3 ±.0.3 2.6±.0.05 179.5±.1.3 76.9±.4.7 17.0±.3.6 
2588 8 .5±.2.5 1.0 ±. 1 3.1 ±.0.25 2.6 ±. 0 164.3±.0.15 89.7±.0 23.5±.4.5 
2680 12.0±.0.25 0.0±...o 3.1 ±.0.25 2.8±.0.3 212.8±.1.4 102.6±.9.21 20.0±.3.5 
2865 9.0±.0.5 0.0±. 0 2.8±.0.14 2.6±.0.1 ND 92.3±.8.6 21.0±.2.7 
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Table 3.3. Linear regression analysis of data in Figs. 3.12 to 3.23. 
Figure Response Constant Slope r2 p< 
Variate 
(Against position on leaf) 
3.12 (a) Cuticle thickn~. abaxial (µm) 1.1 0.797 0.26 0.025 
(b) adaxial (µm) -0.8 1.304 0.70 0.001 
3.13 (a) Mid-rib thickn~ (µm) 221.4 -9.74 0.04 n .s. 
(b) Cell size (µm2) 113.2 -11.59 0.14 n.s. 
3.14 Hairs (per section) 9.25 3.01 0.10 n.s. 
(Against altitude(m)) 
3.15 Adaxial stomata (per section) 5.07 0.0013 0 n.s. 
3.16 (a) Cuticle thickn~. abaxial (µm) 3.38 -0.0001 0.00 n.s. 
(b) adaxial(µm) 0.10 0.0009 0.34 n.s. 
3.17 (a) Mid-rib thickn~ (µm) 193.2 0.0053 0.00 n.s. 
(b) Cell size (µm 2) 35.7 0.0206 0.13 n.s. 
3.18 Hairs (per section) 0.29 0.00549 0.25 n.s. 
3.19 (a) Adaxial stomata, all (mm·2) 378 -0.0729 0.11 n.s. 
not 1940 (mm-2) 651 -0.1761 0.81 0.025 
(b) Abaxial stomata, all (mm-2) -18.8 0.0099 0.45 n.s. 
not 2865 (mm-2) -28.3 0.0141 0.77 0.05 
3.20 (a) Adaxialstomata(mm-2) 147.2 -0.0315 0.16 n.s. 
(b) Abaxialstomata(mm-2) 2.29 -0.0020 0.66 n.s. 
3.21 Leaf thickn~ (µm) 199.7 0.0189 0.29 n.s. 
3.22 (a) Leaf length (mm) 196.2 -0.1446 0.73 0.005 
(b) Leaf thickn~ (µm) 290.2 -0.0545 0.11 n.s. 
3.23 (a) Leaflet length (mm) 15.3 -0.0041 0.49 0.005 
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Fig. 3.12. Cuticle thickness at different points along Nardus stri.ctB leaves 
collected from indicated altitudes (m) in Switzerland. (a) Abaxial; (b) Adaxial. 
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Fig. 3.13. Anatomy of Nardus stricta leav~ from Switzerland. (a) Mid-rib 
thickness; (b) Sectional mesophyll cell area. Notation as in Fig. 3.12 (a). 
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Fig. 3.14. Number of hairs along the adaxial surface of Nardus stricta leaves 
from Switzerland. Notation as in Fig. 3.12 (a). Regresm.ons in Table 3.3. 
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Fig. 3.15. Ad.axial stomata per section of Nardus stricta leaves from different 
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Fig. 3 .16. Cuticle thickness of Nardus strict.a leaves from different altitudes in 
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Fig. 3.17. Nardus strict.a leaf structure at different altitudes in Switzerland. (a) 
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Fig. 3.18. Hairs per section of Nardus strict.a leaves at different altitudes in 
Switzerland. Regression analysis given in Table 3.3. 
3.3v Stomata! counts 
By using peels for measurements of stomata! density it was pos.gble to achieve a far greater 
degree of replication than using sections. These data are plotted in Fig. 3.19. There are 
clearly trends with altitude on both the adaxial and abaxial surfaces. When all the adaxial 
counts are analyzed there is, though, no significant trend with altitude (fable 3.3). 
However, it is clear from Fig. 3.19(a) that the 1940 m count has a large effect on the 
regression. As described in Ch. 2 this site was very different from the rest, being below the 
treeline and in a small gap in a forest; all the others were above the treeline. If this altitude is 
left out of the analysis on the basis of a reduced irrad.iance (which influences stomata! 
density), then it is pos.gble to say that there is a significant decrease in adaxial stomata! 
density with altitude above the treeline (fable 3. 3). Although there appears to be a trend of 
increasing abaxial density with altitude (Fig. 3.19(b)), this is not significant (fable 3.3) 
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Fig. 3 .19. Stomata! density of Swiss Nardus stricta leaves measured by peels. 
(a) Adaxial; (b) Abaxial. Regression analysis given in Table 3.3. 
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The results of the peels made in the Ben More Nardus leaves are given in Fig. 3.20. No 
significant trend with altitude is apparent (Table 3. 3). 
3. 3vi Leaf lengths and thict.nesses in Switzerland and Scotland 
Leaf thickness of Nardus did not change significantly with altitude in Switzerland 
(Fig. 3.21 and Table 3. 3). This was also the case for both Nardus and Alchemilla alpina in 
Scotland (Figs. 3.22(b) and 3.23(b), and Table 3.3). However, leaf length of Nardus 
(Fig. 3.22(a)) and Alchemilla leaflet length (Fig. 3.23(a)) both decreased very significantly 
with altitude (Table 3.3). 
As expected from field observations, leaf length increased markedly with altitude between 
the three sites on Helvellyn. These results are shown in Table 3.4. 
Table 3.4. Mean and standard errors of leaf lengths at the three Helvellyn sites. 
(Measurement given in mm). 
Site 1 (350 m) 
Site 2 (700 m) 
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Fig. 3.20. Stomata! density of Nardus stricta leavesfromdifferentaltitudeson 
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Fig. 3.21. Nardus stricfll leaf thickness at different altitudes in Switzerland. 
Regression analysis given in Table 3.3. 
3. 3vii Correlations 
The correlation matrix prcxiuced by the Genstat program when given the parameters for 
Swis.5 Nardus leaves from different altitudes is given in Table 3.5. Because of missing 
values there are two degrees of freedom for the matrix, though six altitudes were used for 
each mean. The null hypothesis is that the correlation coefficient is zero. Perfect correlation 
between two variables would yield a value of r of either 1 or -1. Using tables (from 
Snedecor, 1956) it is possible to read off the critical values of r. For two degrees of freedom 
this is± 0.950 at the 5% level, and± 0.990 at the 1 % level. Significant values of r in the 
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Fig. 3.22. (a) Leaf length, and (b) leaf thickness of Nardus stri.cta at different 
altitudes on Ben Chonzie (open squares), and Ben Vorlich (closed squares). 
Regression analysis given in Table 3.3. 
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Fig. 3.23. Alchemilla alpina, notation as in Fig. 3.22, with cr<>MeS for Ben 
More. Regression analysis given in Table 3.3. 
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The positive correlations are adaxial stomata (middle) with abaxial cuticle thickness (tip); 
abaxial cuticle thickness (base) with mid-rib thickness (base); mid-rib thickness (middle) 
with cell size (tip); mid-rib thickness (middle) with abaxial stomata (peel); and 513C with 
abaxial cuticle thickness (tip). The negative correlations are adaxial stomata (base) with 
mid-rib thickness (middle); cell size (tip) with hair number (base); and cell size (middle) with 
adaxialstomata (peel). 
Perhaps the most important result is the positive correlation between mid-rib thickness in the 
middle region of the leaves and abaxial stomata! frequency, also in the middle region. Only 
the negative correlation between cell size and adaxia1 stomata! density is also between two 
parameters measured at the same point along the leaf. 
Since most of the parameters did not change significantly along the leaf it is possible to also 
consider the other correlations, except those using cuticle thickness. When this is done there 
emerges a consistent trend. Mid-rib thickness is positively correlated with abaxial but 
negatively correlated with adaxial stomata! density. Mesophyll cell size is also negatively 
correlated with adaxia1 stomata! density, and positively correlated with.mid-rib thickness. 
The correlation between cell size and hair number is difficult to explain. A possible 
explanation for the positive correlation between 51JC and cuticle thickness is that as the 




Table 3. 5. Correlation matrix of results of section measurements and other parameters 
measured on the leaves of Nardus from Switzerland. Significant correlations are shown in 
bold type. The matrix has two degrees of freedom. 
2 -0.3 77 
3 -0.709 -0.370 
4 -0.931 0.425 0.661 
5 0.198 -0.524 0.061 -0.526 
6 -0.867 0.740 0.342 0.922 -0.577 
7 0.340 -0.636 0.255 -0.089 -0.317 -0.3 71 
8 -0.374 0.993 -0.386 0.380 -0.420 0.709 -0.722 
9 0.792 -0.351 -0.428 -0.526 -0.333 -0.577 0.765 -0.420 
10 -0.792 -0.088 0.918 0.863 -0.333 0.599 0.299 -0. 140 -0.333 
11 -0.793 0.765 0.269 0.901 -0.694 0.981 -0.283 0.719 -0.448 0.571 
12 -0.952 0.081 0.870 0.838 0.016 0.676 -0.212 0.089 -0.779 0.848 0.580 
13 -0.718 0.124 0.723 0.897 -0.642 0.702 0.360 0.043 -0. 148 0.937 0.722 
14 -0.292 0.908 -0.321 0.488 -0.829 0.730 -0.255 0.853 -0.028 0.056 0.808 
15 -0.618 -0.121 0.594 0.301 0.648 0.213 -0.526 -0.039 -0.886 0.343 0.062 
16 -0.857 -0.087 0.871 0.669 0.270 0.487 -0.251 -0.055 -0.815 0.746 0.366 
17 0.088 -0.900 0.529 -0.278 0.762 -0.570 0.283 -0.854 -0.085 0.169 -0.658 
18 0.712 -0.819 -0.038 -0.578 0.112 -0.800 0.853 -0.858 0.824 -0.150 -0.736 
19 0.708 -0.919 -0.009 -0.697 0.438 -0.917 0.667 -0.919 0.632 -0.243 -0.898 
20 0.683 0.002 -0.572 -0.374 -0.575 -0.318 0.594 -0.078 0.935 -0.358 -0. 169 
21 -0.90 l -0.058 0.944 0.827 -0.024 0.603 -0.023 -0.065 -0.651 0.921 0.520 
22 -0.126 -0.285 0.480 0.417 -0.638 0.154 0.861 -0.392 0.483 0.661 0.237 
23 -0.45 7 0.935 -0.295 0.372 -0.205 0.690 -0.863 0.960 -0.612 -0.131 0.662 
l 2 3 4 5 6 7 8 9 10 11 
13 0.684 
14 -0.009 0.354 
15 0.750 0.039 -0.434 
16 0.966 0.506 -0.241 0.880 
17 0.220 -0. 146 -0.974 0.537 0.429 
18 -0.525 -0.165 -0.566 -0.469 -0.466 0.492 
19 -0.466 -0.361 -0.792 -0.204 -0.309 0.704 0.943 
20 -0.780 -0.078 0.321 -0.993 -0.888 -0.432 0.571 0.321 
21 0.9&2 0.758 -0.081 0.678 0.945 0.301 -0.363 -0.332 -0.693 
22 0.164 0.774 0.110 -0.420 0.022 0.010 0.469 0.212 0.437 0.326 
23 0.211 -0.030 0.705 0.198 0. 116 -0.697 -0.940 -0.92 1 -0.307 0.03 7 -0.548 
12 13 14 15 16 17 18 19 20 21 22 
KeytoTable 3.5: 
1 Adaxial stomata by basal section. 13 Mid-rib thickness by tip section. 
2 Adax:ial stomata by middle section. 14 Cell size by tip section. 
3 Adaxial stomata by tip section. 15 Cell size by middle section. 
4 Abaxial stomata by middle section. 16 , Cell size by tip section. 
5 Abaxial stomata by tip section. 17 No. hairs by basal section. 
6 Abaxial cuticle thickness by basal section. 18 No. hairs by middle section. 
7 Abaxial cuticle thickness by middle section. 19 No. hairs by tip section. 
8 Abaxial cuticle thickness by tip section. 20 No. adax:ia1 stomata by peel. 
9 Adaxial cuticle thickness by middle section. 21 No. abaxialstomata bypeel. 
10 Adax:ial cuticle thickness by tip section. 22 Thickness by gauge. 
11 Mid-rib thickness by basal section. 23 Leaf613C. 
12 Mid-rib thickness by middle section. 
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3.4 Discussion 
The aim of this chapter was to measure some physiological and morphological properties of 
the leaves of Nardus strict.a along altitudinal gradients. In Chapter I it emerged that 
although genetic diff erenti.ation has been found to occur with altitude in some species, many 
of the observed physiological changes in plants might be explained by altitudinal 
differences in growth temperature. It was suggested that plants growing at reduced growth 
temperatures might develop thicker leaves, with greater amounts of nitrogen and Rubisco 
activity per unit leaf area, than plants growing at higher temperatures. These leaves might 
also have increased maximum conductances due to greater stomata! density. 1bis increased 
stomata! density might be due to a developmental response to a low mean Pi . Low 
temperature grown leaves will have a low mean Pi under high irradiance conditions because 
of the increased amounts of Rubisco per unit leaf area, and increased Rmes (Ch. 1). Also, or 
in addition, stomata! density may be higher, but stomata! index the same, purely as a result 
of reduced leaf expansion at low temperatures. To examine these features in Nardus, field 
measurements of various physiological parameters were made at different altitudes in 
Scotland, and correlations were investigated between various morphological parameters in 
Nardus plants from different altitudes in Switzerland. In addition the carbon isotope ratio 
513C was measured in Nardus from Scotland for comparison with the short-term 
photosynthetic measurements. 
The measured in~eases in maximum photosynthetic rate in the field with altitude in both 
Vaccinium myrtillus and Nardus is in agreement with previous observations of increased 
Amar (§l.3i). Komer and Diemer (1987) found increased rates in inter-generic species 
comparisons between two altitudes in about 50% of the species comparisons; here this 
increase has been found to occur within species. Associated with these increases in Amax 
with altitude, in Nardus and Vaccinium , were increases in stomata! conductance and total 




more than supply(§ l.3iii), and increased stornatal conductance might be due to the effects 
of low temperature on stornatal density, and/or the effects of a reduction in vapour pressure 
deficit (VPD). However, VPD was not found to change markedly with altitude (§2.2). 
In both Nardus and Vaccinium , conductance increased more than photosynthesis in 1986, 
leading to an increase in P!Pa with altitude. In contrast to this, Korner and Diemer (1987) 
found a decrease in P!Pa, ascribing this to a greater increase in ECU than.conductance. As 
described in §l.2iv, Korner et al. (1988) suggested that the global increase in leaf 513C 
with altitude could be explained by a general decrease in the P!Pa ratio caused by increases 
in ECU. In contrast to this, leaf 513C was here found to decrease with altitude in 1987, 
and not change in 1986, for both Nardus and Vaccinium, indicating that P!Pa either 
increased or remained constant with altitude. Wocxlward and Friend (1989) suggested that 
the relationship between leaf 5 l 3C and altitude is by no means as simple as Korner et al. 
(1988) imply. They proposed that this relationship is very dependent on trends in plant 
stature and leaf area index (LAI) with altitude, as well as the expected trends in 
rnicroclimate. However, since it is unlikely that plant stature or LAI changed between 1986 
and 1987, some other explanation must be given. 
It is possible that the resolution of this feature may lie in the fact that the climate before each 
sampling was very different By using the weather records from the nearby meteorological 
station at Balquhidder (Meteorological Office, 1985, 1986, and 1987), it was possible to 
calculate the relative climates leading up to each harvest. This was done by plotting mean 
monthly temperature against time of year and interpolating. A line was then drawn along the 
graph to cut off all those days when the mean temperature'was below 5 °C. This figure was 
chosen since it is unlikely that much carbon gain will be made in the spring before this mean 
figure is surpassed (see Fig. 4.2), or in the winter below this mean temperature when 
die-back will have occurred. The mean temperature and total rainfall for the growing season 




that some unknown quantity of the carbon in the leaves had been fixed in the previous 
growing season. To allow for this, the period left in the growing season during which the 
harvest was made was transposed to the previous season's climatic data and included in the 
analysis. From this it appeared that the carbon in the leaves sampled in 1986 had been fixed 
under conditions which were on average 43% wetter and 1.3 °C warmer than that fixed in 
the 1987 sampled leaves. This does suggest that climate may -have played a role in the 
relationship between 613C and altitude, though it is not possible to say exactly what that 
role might have been. It seems likely that the lower 1987 temperatures might have been 
responsible for the greater values of leaf nitrogen in that year. The comparisons of the 
expected and observed value of 513C in Fig. 3.9 show that the predictions are much 
better for 1986 than 1987. In 1987 it appears that carbon fixation may have been more 
limited by conductance than in 1986. 
Thus overall it appears that nitrogen plays a significant role in the relationship between 
photosynthesis and altitude. Increased leaf nitrogen contents appear to result from reduced 
growth temperatures. Variation in conductance is also important The relationship between 
temperature and growth rate in Nardus will be addressed in the next chapter. 
A valid criticism of this work is that since all measurements were made over a short period 
of time, the plants measured at high altitude were younger than those at low, and hence 
might be expected to have higher photosynthetic rates (e.g. Larcher, 1980). Though this 
does not invalidate conclusions concerning correlations between the parameters measured, it 
does suggest that a series of measurements should be done at different altitudes over a full 
growing season. 
Measurements of morphological parameters in sections of Nardus . leaves from different 
altitudes in Switzerland failed to show any relationship with altitude. This may have been 
due to the small number of sampled leaves, and the attendant high variance. This was 
confirmed when stomata! peels were made of the same plants. It was found that 
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between-leaf variation was high. Nevertheless, despite high between-leaf variance in 
stomat.al density, and probably the other parameters measured, this will not negate the 
possibility of discovering interesting correlations between the various parameters within 
leaves. It was found that thicker leaves tended to have larger cells. Also it was found that 
thicker leaves tended to have fewer adaxial and more abaxial stomata. Most Nardus leaves 
are tightly inrolled. The inner, adaxial surface has one to many orders of magnitude more 
stomata per unit area than the outer, abaxial surface. Since boundary layer conductance relies 
on air movement, the xeromorphic, inrolled structure of Nardus leaves means that the 
boundary layer conductance of the adaxial stomata may be much lower than that experienced 
by abaxial stomata. It would be neces.sary to construct some sort of physical model to find 
out what the differences in boundary layer conductance are likely to be. The outcome of this 
is that one stomate on the abaxial surf ace is probably as important for diffusion of C02 into 
(and H20 out ot) the mesophyll as more than one stomate on the adaxial surface. Given the 
arguments in Ch. l, it appears that a thicker leaf may develop with a greater maximal 
stomat.al conductance than a thinner one. This is one explanation for the correlation between 
stomat.al density and leaf thickness found here. As conductance is greatly increased by a few 
abaxial stomata, presumably it is unneces.sary to have so many on the adaxial surface. The 
way in which the relative densities of stomata on the two surfaces are mechanistically 
controlled remains unknown. 
This argument is supported by the results of the stomat.al peels. Here it was shown that 
though the adaxial stomata! density of Nardus declined above the treeline in Switzerland, 
there was a trend of increasing abaxial density over the same range, though at the highest 
altitude it was somewhat reduced. However, measurements of leaf thickness with a 
hand-held gauge failed to show a significant trend with altitude. This incongruous result is 
difficult to explain. It would be interesting to know if the amount of nitrogen and Rubisco 
activity per unit leaf area changes with altitude at these Swiss sites because increased 
Rubisco activity and · nitrogen would suggest an enhanced photosynthetic capacity, and 
therefore an increased stomat.al limitation to diffusion. Nevertheless, these results lend 
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support to the supposition that maximum conductance and leaf thickness are correlated, if 
not causative, and that maximum conductance increases with altitude. 
Leaf thickness was not found to change with altitude on either a wet (Ben Vorlich) or a 'dry' (Ben Chonzie) Scottish mountain (§2.4) for either Nardus or Alchemillaalpina. This lack 
of a trend in leaf thickness with altitude does not agree with the observations of increases 
described in Ch. 1. It does agree with the data from Switzerland that Nardus stricta leaf 
thickness does not appear to vary in a predictable way with altitude. Why this is so is not 
clear. 
However, there was a significant reduction in leaf length in Scotland with altitude for both 
Nardus and Alchemilla . On Helvellyn, though, leaf length increased greatly from the 
lowest site to the highest. These results will be investigated in the next chapter in relation to 
the effectof temperature on leaf growth. 
Chapter 4 
Carbon fixation and growth of Nardus under 
controlled environment conditions 
4.1 Introduction 
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This chapter presents the results of controlled environment experiments on Nardus. These 
experiments were designed to test the theory that the growth and seed germination responses 
to temperature, and the photosynthetic response to irradiance levels and C02 partial 
presrure, of Nardus are related to altitude. 
The work of Wocxlward etal. (1986) and Komer and Woodward (1987)wasreferred toin 
Ch. I for demonstrating that upland species examined were able to continue leaf extension at 
much lower temperatures than lowland species. It was also shown that the lowland species 
responded to increased temperature better than those from higher altitudes. Adaptation 
seems, therefore, to have occurred between different species in terms of their ability to grow 
at different temperatures, and hence altitudes. This was supported by Woodward and Friend 
(1988; Appendix Ill) for three types of Poa native to different altitudes. The subspecies 
from the highest altitude, P. alpiml ssp. vivipara, was able to maintain positive growth at 
lower temperatures than more lowland distributed species. 
Since Nardus stricta is found over a very wide range of altitudes it is possible that 
populations at high altitudes are adapted to grow better at low temperatures than lower 
populations. If this were found to be the case, as well as being of interest in itself, it would 
provide the basis both for a <let.ailed examination of the physiological basis of these 




To this end a series of experiments was carried out in which tussocks of Nardus were 
taken from different altitudes and cut back. These were then left to regrow at different 
temperatures and both short- and long-term growth rates measured. 
Chadwick (1959) investigated the germination characteristics of Nardus seeds from 
different altitudes at 24 °C. He found that seeds from higher altitudes consistently 
germinated faster than those from lower altitudes. He suggested that such a feature is of 
selective value at high altitudes due to the short growing season. It would be interesting to 
know if seeds from different altitudes germinate faster at different temperatures. Thus to see 
if there is an interaction between altitude of origin and ability to germinate at different 
temperatures, seeds from the three Helvellyn sites were collected and sown on a 
thermogradientplate. 
Reports of altitude related increases in Amax and ECU were described in Ch. 1 (e.g. 
Komer and Diemer, 1987). Again, because Nardus covers such a wide altituclinal range, it 
was considered worth investigating whether this might also be the case for this grass. In the 
previous chapter it was found that Amax did indeed increase with altitude for in situ 
material on Ben More (§3.3i). Plants had been collected from six altitudes in Switzerland 
and these were also subjected to analysis of photosynthesis to see if they varied in Amax. It 
was considered that ~u and ECU might be related to some of the morphological 
differences found by examining the sections (§3.3iv) and stomata! peels (§3.3v), with 




4.2 Materials and methods 
4.li Leaf extension rates 
Short-term leaf extension rates of Nardus stricta plants from the three Helvellyn sites were 
measured. The plants were dug up in September 1985, and brought back to Cambridge. 
Four plants from each site were each split into three divisions, and potted up in 'John Innes 
No. 1' potting compost to give three replicates. Two of these replicates were placed in a 
growth room and one in a Fisons growth cabinet All the leaves were then cut off using 
scissors, down to the easily identifiable point where the persistent leaf bases remain. The 
plants were then allowed to regrow at 21 °C day, 7 °C night, for two weeks before rates of 
leaf extension were measured. Humidity in the growth room and cabinet was maintained 
between 65 and 70% at all temperatures. Temperature could be varied from 1 to 23 °C, 
although it was only possible to go below 5 °C in the dark. Irradiance was 300 µmol m-2 s-1 
at leaf height (Quantum Sensor Type, Skye Instruments Ltd.). Low temperature growth 
rates were measured in the growth room, and high temperature growth rates measured in the 
cabinet. 
Electronic auxanometers were used to measure leaf growth rates. These consisted of 
electronic Linear Variable Displacement Transducers (LVDTs) (Woodward et al. (1986) 
(Fig. 4.1). A clip was attached to a leaf tip, and by a light chain to the L VDT. The clip and 
chain were kept taut by a 1 g counterbalance (Woodward et al., 1986). Between the weight 
and the clip was the transducer. As the leaf grew, a rod inside the transducer was pulled 
upwards by the counterweight This caused the output voltage from the transducer to 
change. Using a micrometer it was possible to calibrate each transducer so that any change 
in voltage could be accurately translated into amount of movement of the central rod, and 
hence leaf growth. One mm of leaf growth was represented by a change in L VDT output of 
between 126 and 165mV. 
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Fig. 4.1. Linear variable displacement transducer attached to Nardus leaf. 
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Four L VDTs were used at any one time. Their electrical outputs were relayed through a 
device which amplified and multiplexed them onto a chart recorder (Linseis, Cambridge), 
operating at a fixed speed. The result was a sheet of paper on which it was pos&ble to draw 
four straight diagonal lines, one for each L VDT. The slopes of the lines were converted into 
mm of leaf growth. The time over which growth rate was measured varied from two to eight 
hours, depending on temperature. Temperature was measured for each leaf, at the basal 
meristem, with a 0.3 mm diameter thermocouple. These were calibrated using a laboratory 
thermometer. Temperature was measured as frequently as pos&ble during the growth 
measurements, butit generally remained constant. 
4.lii Long-term leaf growth 
Nardus plants were collected from many altitudes on both Helvellyn and Ben More 
(see Ch. 2) for an investigation of the relationships between long-term leaf growth rate, 
temperature, and altitude of origin. The aim of these experiments was to complement, and 
consider the fong-term relevance of, the short-term L VDT measurements. Each tussock was 
cut back to the leaf bases and allowed to regrow at a particular temperature. After an 
appropriate length of time (50 to 70 days) the leaves were to be harvested, and their lengths 
measured and weighed to see if growth rate or specific leaf area (SLA) varied with altitude 
of origin. Plants collected from other sites in Britain (Ch. 2) were also to have been used in 
these experiments. The null hypothesis for these experiments ·was that the growth response 




High and low temperature greenhouses were used simultaneously to examine the effect of 
temperature on the growth of Nardus from Helvellyn. Nine plants, three from each site, 
were placed in the low temperature treatment One from each site was placed in the high 
temperature treatment Each tussock was then cut back to its leaf bases, about 20 mm above 
the soil surface. 
Though Nardus is a grazing sensitive species, the effect of this cutting treatment may not be 
severe for at least the first cut This was indicated by the rapidity with which many new 
leaves and 1illers were produced. However, it is probable that frequent repetition of such 
treatment on the same tussock would have damaging consequences (Fenton, 1937). This 
method is very useful for giving all tussocks the same starting point from which to compare 
their rates ofleaf elongation. 
The greenhouses had additional artificial lighting with high pressure sodium lamps to 
provide a 16-hour daylength. The low temperature greenhouse was maintained at a day 
temperature of 16. 5 °C, and a night temperature of 7 °C. The high temperature greenhouse 
was maintained at temperatures of 18 °C and 9 °C for the first 28 days, thereafter they were 
24 °C and 13 °C respectively. 
The lengths of the five longest leaves of each tussock were measured at weekly intervals. 
After 70 days of growth each tussock was carefully cut back to its original level. The leaves 
were counted, and their lengths measured. Dry weights were obtained by oven drying for 16 
hours at 80 °C. 
Nardus tussocks were collected from 30 or 60 m intervals from the road (at 160 m) to the 
top of Ben More at 1174 m, a total distance of 2.47 km (see §2.2 for more details of this 
site). There were some gaps in altitude because, though very frequent, Nardus could not be 
found at every altitude. These tussocks were split to be all of the same size, potted up in 
John Innes No. I soil, and placed in a greenhouse for about one month. Then they were 
transferred to a growth room where they were cut back as in §4.2i. The temperature of the 
, I 
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growth room was maintained at 20 °C day, 8 °C night, 60 to 70% RH, and a 16 h 
photoperiod of 300 µmol m-2 s-1 irradiance. There were 53 plants and they were arranged 
randomly to negate the effects of any possible environmental gradients. These were then left 
for 57 days and watered regularly. After this length of time all the new growth was 
harvested. The leaves were measured for mean growth rate per tussock and leaf area. These 
leaves were then oven dried overnight for calculation of SLA. 
The growth room temperature was then reduced to 7 °C day and 5 °C night, with the same 
RH and irradiance levels as before. The aim was again to see if there were any differential 
responses related to the altitude of origin. Regrowth was allowed for 118 days . . Then the 
leaves were harvested as for the high temperature regrowth. However, growth room 
breakdown followed by a change of facilities prevented these experiments from being 
concluded. 
4.2iii Photosynthesis at cliff erent irradiance and C02 levels 
These measurements were made on the Nardus tussocks collected in Switzerland, 
14 months after collection. No new leaves had been produced in this time. The aim was to 
see if there was any relation between altitude of origin and Amar or ECU. Though mole 
fraction was changed instead of partial pressure, this should still have allowed an 
~ent to be made of the plants' relative abilities to fix 002 from reduced 
concentrations. This is because either method will change the rate of diffusion of 002 into 
the leaf under a given conductance. However, partial pressure changes would have been 
preferable since the relative proportions of each molecular species in the air would have 
remained the same. 
The AOC portable IRGA described in § 3.2i was used for measurement of photosynthesis at 




easy manipulation of the photon flux density (PFD). 11ris was achieved by using slides in 
which the pictnres were replaced by a variable density neutral filter. Five different 
irradiances, from 15 µmol m-2 s-1 to 920 µmol m-2 s- t, were used. Irradiance was measured 
by the Parkinson leaf chamber quantum sensor. Five leaves were chosen randomly and 
enclosed in the chamber for each measurement. 11ris was done five times for each altitude, 
using two or three plants. The highest irradiance of 920 µmol m-2 s-1 was well above the 
irradiance of photosynthetic saturation, which for Nardus was about 650 µmol m-2 s-1 
(F. I. Woodward, pers. comm.). 
The responses of these same plants to different 002 mole fractions were investigated using 
the same equipment as for the unsucces.sful field measurements. In this case it was used in a 
laboratory with a projector as the light source ( above saturating irradiances). Outside air was 
drawn in and allowed to equilibrate in a large mixing jar before being mixed with additional 
Co2, or having its 002 mole fraction reduced. However, again photosynthesis appeared to 
respond randomly to increased 002 mole fraction. For the initial experiment leaves were 
chosen randomly for each measurement on a tussock. It was thought that this may have been 
responsible for the unexpected nature of the results. Hence the experiments were repeated 
using the same leaves for each C02 level, but no improvement was observed. Because of 
this the results are not presented. 
The thicknesses of the Swiss Nardus leaves used for laboratory measurements of 
photosynthesis under different 002 conditions were measured. These measurements were 
made some time after the plants had been collected but they had grown little and may have 
been entering a senescence phase. Thus the leaves were formed in the field. After removal of 
the leaf chamber the leaves were cut from the tussock and the measurements of thickness 
were made around the middle region of each leaf. The hand-held dial thickness gauge 
described in §3.2vi was used for this purpose. 
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4.2iv Seed germination 
Many Nardus seeds were collected from the three Helvellyn sites for germination studies. 
They were sown into capillary matting across a thermogradient plate in order to measure 
their germination response to temperature. They were not treated in any way prior to 
sowing. The plate was about 300 x 300 mm and used a circulating refrigerated and warmed 
water system to set up a gradient of temperature. Titls gradient was changed by 90 ° between 
the day ( 16 hours long) and night by sending hot water through the north edge of the plate 
and cold water through the south edge of the plate during the day. The east edge was kept 
hot, and the west edge cold, throughout the night. Titls led to a range of mean temperatures 
and diurnal amplitudes of temperature over the plate surface. From each site 165 seeds were 
sown in groups of three across one half of the plate. Nine sensors recorded the temperature 
of the plate every 10 minutes. A large sample of these measurements was used for 
calculating day and night means. The half of the plate used was divided into 55 squares and 
a computer program was written in Pascal to calculate the average day and night 
temperatures for each square (Appendix IV). Titls germination experiment was run for 92 








4.3i Leaf extension rates 
The results of the L VDT short-term growth rate measurements on Nardus stricm from the 
three Helvellyn sites are shown in Fig. 4.2. Site 1 was at 350 m, Site 2 at 700 m, and Site 3 
at 720 m (§2.1). The data were blocked into 2 °C intervals and the means plotted with 
SEMs. Each point is the mean of between 3 and 15 measurements, with an average of 10. 
From Fig. 4.2(a) it can be seen that above 20 °C, leaves from the lowest site, Site 1, had the 
greatest rates of growth, but this difference was only significant at the 10% level. In order to 
examine the responses to low temperatures it was necessary to magnify the graph. This is 
shown in Fig. 4.2(b). Below 6 °C, leaves from Site 3 had the greatest growth rates 
(p < 0.001). These low temperature growth rates are given in Table 4.1. By assuming a 
linear relationship between growth rate and temperature between O and 8 °C, it was possible 
to calculate the low temperature threshold for growth. This is also given in Table 4.1. 
This threshold was significantly lower for Site 3 plants than for the other two 
altitudes (p < 0.01). 
Table 4.1 . Mean growth rate from Oto 6°C and lower temperature limit of growth of 
Nardus plants from Helvellyn. 
Growth rate O to 6 °C Temperature of 
zero growth 
Site 1 (350 m) 4.7 ± I.I µmh-1 2.0 ±0.3 °C 
Site 2 (700 m) 8.1±1.9 µmh-1 2.2±0.3°C 
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Fig. 4 .2. Growth of Nardus from Helv~llyn measured with LVDTs. 
Measurements have been grouped into 2 °C intervals. (a) All data; (b) Measurements 
below 8 °C to show low temperature response in detail. For each point, n is between 
10 and 30; all measurements below 5 °C were made in the dark. Site 1 = 350 m, 




These results seem to suggest that there may be a degree of ecotypic differentiation for 
ability to grow at different temperatures between these Nardus plants from different 
altitudes. However, it should be remembered that these plants were not grown from seed 
under the same conditions, and were cut back for these experiments soon after collection 
from the field. Because of this it is possible that any differences might be due to carry-over. 
To see if this were the case both long-term regrowth experiments (§4.3ii), and isozyme 
analysis was used (Ch. 5). 
4.3ii Long-term leaf growth 
The average growth rates calculated from the length of the leaves at the end of the 
experiment in §4. 3i are shown in Table 4.2. These were calculated as a test for the L VDT 
measurements; there seems to be fairly close agreement Though there was no difference 
between altitudes under high temperature conditions, Site 1 plants grew slower than the 
other plants at low temperatures (p < 0.001). 
Table 4.2. Average Helvellyn Nardus growth rates at low (7 °C day mean) and high 
( 18 °C day mean) temperatures. Time given shows period of measurement The five tallest 
leaves of each tussock were used. 
Temp: Low High 
Rep 1 Rep2 
Site 1 28.2 ±.1.0 33.5 ±.2.4 89.3 ±. 1.8 µmh-1 
Site 2 54.5 ±. 1.2 47.4 + 1.2 99.1 ±. 3.6 µmh-1 
Site 3 59.1 ±. 2.5 49.6 ±.1.9 91.7 ±. 2.3 µmh-1 









In the second experiment, plants from the three sites on Helvellyn were allowed to regrow 
in two different temperature environments, after being cut to the leaf sheath level. The 
results of this experiment are given in Figs. 4.3 and 4.4. When the average leaf length for 
all leaves after 7 0 days of regrowth is calculated, the response to temperature of plants from 
the different altitudes is clearly consistent with that found in §4.2i; these results are shown 
as an ordination in Fig. 4.3. Under the high (24 °C day) temperature treatment there was no 
difference in growth between the tussocks from different altitudes. However there was a 
marked change in growth rate under the low (16.5 °C day) temperature treatment. Site 1 
had the lowest and Site 3 the highest growth rate under these conditions. 
Analysis of variance showed that there was a significant effect of temperature on the 
growth responses of Nardus from the three sites (p < 0.005). Of course, these results did 
not prove that the plants from each site were genetically different carry-over could still be 
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Fig. 4. 3. Mean leaf length of Nardus from different altitudes on Helvellyn, grown 
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Fig. 4.4. Dry weight per leaf of Nardus from different altitudes on Helvellyn after 
70 days regrowth. Symbols as in Fig. 4.3. 
The dried leaves from each plant were weighed to obtain values of dry weight per leaf; 
these are plotted in Fig. 4.4. The same trend as in leaf length is clearly awarent From the 
total dry weight for each plant and the total leaf length it was ~ble to calculate weight 
per unit leaf length. Because of the small number of individual plants it was not ~ble to 
obtain a reliable indication of the between-plant variance, but the individual results are the 
means of between 91 and 524 leaves; these are given in Table 4. 3. 
The leaves of the lowland site (Site 1) plants must be either narrower and/or have a higher 
SLA than the others (fable 4.3). Leaf width was found to vary very little from 1 mm for all 
Nardus plants, thus the differences in dry weight per unit leaf length primarily represent 
differences in SLA. From Table 4. 3 it appears that decreased temperature caused a decrease 
in SLA in plants from the high-altitude sites, but an increase in those from lower altitudes. 
It should also be mentioned that more new tillers were produced by tussocks at the lower 






Table 4. 3. Mean dry weight per unit leaf length of Helvellyn Nardus plants grown at 
different temperatures. n varies from 91 to 524 for numbers of leaves used. 
Site 1 
Day temperature (°C) 24 16. 5 
Dryweightper 4.84 3.66 
unitleaflength 







Because of such encouraging results indicating the differential response of Nardus plants 
from different altitudes on Helvellyn to temperature, it was decided to set up further growth 
experiments on a much larger scale. The aim was to sample Nardus plants from many 
altitudes and locations, and to examine their growth responses to temperature. Any 
differences were thus to be examined in more detail to elucidate their physiological cause. 
However, as described in §4.2ii, these aims were thwarted somewhat 
Neverthel~. the first such large-scale experiment did work, and the results of this are 
shown in Fig. 4.5. Regrowth of Nardus plants from different altitudes on Ben More was 
measured after 57 days: final mean leaf lengths are shown. Each point is the mean of 
between 16 and 231 leaves, but since there is obviously no trend with altitude of origin it 
would only complicate the figure unnecessarily to include all the SEMs. The complete lack 
of any trend is in marked contrast to the long- and short-term regrowth experiments on the 
Helvellyn material. Dry weights of the leaves were also measured as for the Helvellyn 












































Fig. 4.5. Meanfinalleaflengthsof Nardus fromBenMorefollowingcut-backand 
regrowth at20 °C day, 8 °Cnight, for 57 days. 
4. 3iii Photosynthesis at different irradiance levels 
Rates of photosynthesis of the Swiss Nardus plants from different altitudes at different 
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Fig. 4.6. Rates of photosynthesis in Nardus from different altitudes (m) in 




4. 3iv Seed germination 
Possibly because of noticeable infection with ergot ( Claviceps purpurae) in many of the 
seeds, no germination of Site 3 seeds occurred. The mean day and night temperatures for the 
squares in which seeds did germinate are given in Table 4.4. The day temperature on the 
thermogradient plate ranged from 2. 8 to 36. 7 °C, and the night temperature from 2. 5 to 34. 9 
°C. Artificial light was used during the day. 
Though there is a relationship between the altitude of origin and the mean germination 
temperature, it is not significant This is probably due to the small sample size.The mean 
temperatures for germination found here will not be very relevant to the field situation since 
germination will probably occur too early in the year for these mean day temperatures to be 
reached. However, the minimum temperatures for germination will be. These showed that .11 
seeds from the lower altitude (350 m) did not germinate below a day temperature of 20. 7 °C, 1 
whereas those from 700 m still germinated at 18.2 °C. Itis interesting that Nardus didnot Ii 
germinate below the mean day temperature of 18 °C. 
Table 4.4. Mean (±.SEM), minimum, and maximum temperatures for 
germination of Nardus caryopses from Helvellyn. Temperatures given in °C. 
Site 1 Site 2 Site 3 
(350m) (700m) (720m) 
n 19 12 0 
Day 25.9 ± 0.8 25.1 ± 1.0 nd 
Night 20.4 ± 0.8 18.4 ± 1.9 nd 
Min (day) 20:7 18.2 nd 
Max (day) 34.3 30.3 nd 
Min (night) 10.0 8.0 nd 




Work such as that of Cline and Agatep (1970) has previously shown the existence of 
altitudinal ecotypes with enhanced capacities to grow at low temperatures. Hiesey et al. 
( 1971) showed that high-altitude ecotypes did not grow as rapidly at high temperatures as 
lowland ecotypes. The importance of the effects of low temperatures on growth at high 
altitudes was stressed in Ch. 1. In § 1. 5 it was noted how it is well established that 
high-altitude ecotypes also seem to have genetically controlled lower statures than ecotypes 
from lower altitudes (e.g. Turesson, 1925). This is to be expected in a plant with exposed 
overwintering photosynthetic organs because increased stature may result in abrasion from 
blown ice and winter desiccation (§ 1. 5). But for life-forms such as the grass Nardus, which 
dies back in the winter, there probably exist selective pressures for relatively rapid leaf 
growth in early spring to take full advantage of the short growing season. Extensive new 
leaf growth of Nardus has been observed to occur under snow in spring on the top of Ben 
More at 117 4 m. Since the mean daily air temperature will be below zero at such an altitude, 
ability to grow at very low temperature must surely have been selected for in this species. 
The measurements on leaf growth of Nardus stricta from 350 m (Site 1), 700 m (Site 2), 
and 720 m (Site 3) at different temperatures, though not done on seed-grown material, 
certainly suggest that ecotypic variation has occurred for ability to grow at low temperatures 
in this species. The result of this differentiation is that Nardus from 720 m is observed to 
grow as rapidly at 3 °C as Nardus from 350 mat 7 °C. In addition, the short-term growth 
rate measurements also suggest that the plants from the high-altitude population do not grow 
as well as the plants from the low-altitude population at high temperatures (i.e. greater than 
20 °C). However, longer-term growth experiments showed plants from all sites to have 
equivalent growth rates at 18 °C and above. 
The physiological explanation for the differential ability of the populations from different 
altitudes on Helvellyn to grow at low temperatures is not known. Woodward and Friend 
(1988; App. ID) found differences in the ability of Poa alpina ssp. vi.vi.para (from high 
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altitudes), Poa alpina (from middle altitudes), and Poa pratensis (from low altitudes) to 
grow at low temperatures. The species from low altitudes (P. pratensis ) was found to be 
unable to grow at low temperatures because of a large reduction in cell wall extensibility. 
P.alpina ssp. vivi.para maintained cell wall extensibility even at the lowest temperatures 
measured. It seems possible that this could also be the explanation for Nardus on 
Helvellyn. However, Komer and Larcher (1989) suggested that it is in fact rate of cell 
division, not expansion, that is the reason for low rates of leaf expansion at low 
temperatures. They also suggested that reduced cell wall extensibility at low temperatures 
may have an effect on rates of cell division by some unknown form of feedback. The 
Nardus populations on Helvellyn might be a gocx:l candidate for such a study. 
Though it seems that the growth rate of Nardus leaves at the three sites on Helvellyn 
respond differentially to temperature, this does not indicate what the growth rates will be at 
the actual sites, and whether the enhanced growth rate of Site 3 plants at low temperatures 
really is of advantage. To investigate this, the mean monthly temperatures for 1986, 1987, 
and 19 88 at a meteorological station at 91 m close to Helvellyn were averaged. A lapse rate 
of -0.7 °C 100 m-1 (Wocx:lward and Pigott, 1975) was used to estimate the mean 
temperatures at each site for each month. These will be only approximate estimates but they 
will enable some interpretation of the effect of the differential growth rates. Growth accrued 
during each month at each site was then estimated from the L VDT measurements. Again 
these will only be approximate since there is a non-linear relationship between growth and 
temperature. This will mean that using the mean temperature for each month will 
underestimate leaf growth. However, the results are interesting, though only approximate. 
These calculations show that for the beginning of the year to the end of March, 35 mm of 
leaf growth should have occurred at Site 3. If Site 1 plants were present at Site 3 then they 
would have grown only 14 mm over the same time period. These calculations show that 
mean monthly temperatures are sufficiently high for growth to occur during any month at 
Site l, but not in January or February at Site 3, with only very little growth in March. Thus 
the ability of Site 3 Nardus to maintain relatively gocx:l growth rates at low temperatures 
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does seem to give it an advantage during the critical spring period. However, this advantage 
is lost in the summer when Site 1 plants will be able to accrue much growth, making them 
30% longer by the end of September. Site 2 plants, however, respond less well to summer 
temperatures than those at Site 3, thus by the end of the growing season the leaves are 
shorter, as they are in the field (fable 3.4). 
Leaves of Nardus in the field at Site 1 were 86% shorter than expected in September, from 
the mean monthly temperature and their growth rate-temperature response curve. The 
explanation for this is that ewes with lambs graze this area from early April, when Nardus 
growth is still young and palatable. Nardus is probably ignored from sometime in May 
when the leaves get tough due to their exceptionally high silica content (Chadwick, 1960). 
It is now possible to explain why the length of Nardus leaves on Helvellyn increases with 
altitude. They are shortest at the lower site due to grazing. They are longer at Site 3 than 
Site 2 due to the Site 3 plants having greater growth rates below 7 °C. Evidence from the 
L VDT measurements and longer-term measurements shows that Nardus from Site 2 has a 
different leaf growth-temperature response curve from that of Site 1 plants ( e.g. Tables 4.1 
and 4.2). Though more similar, the response is also different from that of Site 3 plants. 
If it can be assumed that the differences in dry weights per unit leaf length in Table 4.3 
represent differences in SLAs, then they show a very interesting pattern. The Nardus plants 
from the highest altitude have the lowest, and the plants from the lowest altitude the highest, 
SLAs. Thus there is- probably an increase in leaf thickness with altitude. This would be in 
contrast to the results for the Scottish plants presented in f · I O O · 
Since these results were obtained for regrowth they may represent genetic differences. The 
presence of genetically controlled thicker leaves at higher altitudes in Nardus would be 
extremely interesting. The temperature at which the plants were grown seems to have 
influenced their SLAs. Increased temperatures have increased the SLAs of the high-altitude 
plants, but reduced them in the low-altitude plants. The explanation for this unclear. 
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If the findings in this chapter really do indicate genetically controlled differences in the 
growth rate-temperature response at different altitudes, then because Nardus reproduces 
mainly by rhizomes, it is possible that Helvellyn may be covered in a few genotypes, each 
differently adapted to its particular altitude. To see if genetic differences exist between the 
different sites on Helvellyn, isozymes were examined; the results of these experiments are 
given in the next chapter. 
It is interesting that the plants collected from many different altitudes on Ben More showed 
no differential responses to moderate temperature. This indicates that there may be no 
ecotypic differentiation in Nardus on this mountain. However, it was not possible to test 
these plants at low temperature. 
Measurements of photosynthesis at different PFDs in Nardus collected from different sites 
in Switzerland failed to show any effect of altitude of origin. Though there was a 
relationship between altitude and stomata! density (Fig. 3 .19, p. 96), this does not appear to 
have affected Amar. 
The results of the seed germination experiment indicate that seed produced by Nardus at 
Site 2 (700 m) on Helvellyn is able to germinate at lower temperatures than that from Site 1 
(350 m). This is very interesting given that Nardus is supposed to only very rarely spread 
by means of seed (King, 1955). It may be that during initial colonization of the area on 
redistributed peat (see Smith, 1918) there was competition between seedlings, those 
germinating earlier gaining an advantage. The minimum overall mean temperature of 14. 8 °C 
(including the day and night minima for Site 2 seeds) is greater than the highest monthly 
mean at 91 m, close to Helvellyn (July: 14.4 °C, Table 2:1). Thus it would appear that 




Gel electrophoresis of field and greenhouse grown Nardus stricta 
5.1 Introduction 
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From the last chapter it appears possible that . genetically controlled differences in the 
responses of leaf growth rate to temperature exist, in the apomict Nardus strict.a L., between 
altitudes on Helvellyn. These differences appear to be adaptive. Hence it would be extremely 
interesting to know if genetic differences really do exist between populations of Nardus 
from different altitudes. This is especially so given the apomicti.c status of Nardus (see 
§ 1.11 ). Because of its vegetative mode of spread, it is possible that a very large region, such 
as a whole mountain, could be covered by one genotype. If this were the case then the 
implications for its ability to thrive at the large range of altitudes over which it can be found 
are great, with plasticity probably playing an important role. On the other hand, if genetic 
differentiation is responsible for its success at different altitudes, then this will have 
implications for the genecology of apomicts in general . 
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There are reports in the literature of changes in plant isozymes and allozymes with altitude 
(e.g. Bergmann, 1978; Daday, 1954) and latitude (e.g. Roy and Lumaret, 1987). Some of 
these isozyme changes were thought to have adaptive value. However, isozyme variation 
has not been found between ecotypes of some weed species such as Typha Jatifolia 
(Marshburn, Sharitz, and Smith, 197 8) and Xanthium strumarium (Moran and Marshall, 
1978). Isozymes were examined in Nardus plants harvested from the three sites on 
Helvellyn, an additior1:al altitudinal transect up Ben More, and a few other sites at different 
altitudes around Britain. 
It should be pointed out that although gel electrophoresis is a good technique for the 
detection of genetic differences between plants, two important factors should always be 
borne in mind. The first is that, even if no differences in band pattern are found for many 
enzymes, this does not mean that genetic differences do not exist between populations: they 
might occur in enzymes not examined, or may not result in changes in electrophoretic 
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mobility. The second is that environment and age of plant material can play a large part in 
gene expression. Thus differences between populations in band pattern can only be reliable 
indicators of true genetic differences if the plants have all been grown from seed under 
identical conditions, and samples are compared from parts of the plants of equivalent age. 
lsozymes are enzymes which catalyze the same reaction but are coded for at different loci. 
Allozymes are enzymes coded for by different alleles. The term isozyme strictly means the 
different molecular forms of enzymes with the same substrate specificity (Markert and 
Moller, 1959), thus allozymes are also isozymes. Both types of enzymic variation may 
result in different electrophoretic mobilities. Using polyacrylamide gel electrophoresis 
(PAGE), isozymes and allozymes may be distinguished because their mobility in the gel 
responds to any change in charge (due to free boundary electrophoresis), size, or 
configuration (both due to gel filtration) of the enzyme. If a DNA sequence coding for an 
enzyme changes, this will very often result in corresponding changes in the primary 
structure of the protein. At the Jf1 used the proteins will have a net negative charge. 
Protein samples are placed in wells in the gel at the end immersed in a buff er in contact with 
the negative electrode (cathode). The anode is placed in a lower buffer solution giving the 
vertical gel slab an electrical polarity. The proteins migrate towards the anode. The most 
important constituent of the gel is acrylamide. This polymerizes to polyacrylamide in the 
presence of free radicals and bis-acrylamide to form a clear gel. The concentration of 
acrylamide can be varied to give different pore sizes. For comparisons of band patterns 
between gels it is important that the same mixtures and Jfls are used in the construction of 
the gels, buffers, and homogenizing and application media. 
An alternative to standard PAGE is to include sodium dodecyl sulphate (SOS). This has the 
effect of breaking the native proteins into subunits known as protomers. Gels using 
SOS-PAGE show differences in size of the uncoiled protomers, or differences in the 





non-specific protein stain such as Coumassie Blue. 1bis results in coloured bands, visually 
locating the enzymes or proteins. The pattern produced by either standard or SOS-PAGE is 
termed a zymogram, which includes the number of bands, their spacing, and their relative 
intensity. For comparative purposes zymograms are drawn or photographed. For staining of 
a PAGE gel, the activity of an individual enzyme is used to catalyze a series of reactions 
which eventually result in the precipitation of a colour. There are a very large number of 
strategies used for the detection of enzyme activity; the recipes used here are given in App. 
V. The tetrazolium system was used for the staining of malate dehydrogenase (MDH) 
(Vallejos, 1983). The general reaction for oxidoreductases which donate electrons to NAD+, 
such as MOH, is described by Vallejos (1983). 1bis set of reactions results in the reduction 
of a tetrazolium salt to a blue insoluble formazin. The other succes.g"ul stain used here was 
peroxidase (PER). 1bis recipe was taken from Shaw and Prasad (1970). It uses the 
non-tetrazolium salt redox dye 3-amino-9-ethylcarbazyle, which changes from light brown 
to red upon oxidation. Other enzymes were also stained for, but with not as much success as 
for MOH or PER. 
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5.2 Materials and methods 
5.2i Non-SOS gel electrophoresis 
The method of polyacrylamide gel electrophoresis (PAGE) employed here was developed by 
M. Russell (pers. comm.), under the guidance of Dr S. C. Clark , at the University 
of Leeds. It basically consists of grinding a 0.2 g sample of leaf tissue, centrifuging the 
homogenate, mixing the supematent with a sucrose/BPB solution and applying 20 µ1 to the 
top of a polyacrylamide slab gel. A current of 50 mA per gel is turned on and the proteins in 
the sample migrate towards the anode (they have a net negative charge at the Jf1 used) at a 
rate determined bytheirmolecularweightand charge. The run is terminated after about three 
hours and the gel is removed and stained for a selected enzyme. Staining produces a 
zymogram for each sample; these can be compared directly by running samples through the 
same gel in lanes. Photographs and/or drawings are made of the zymograms and these can 
then be compared to determine similarities and differences between the tussocks in band 
patterns, and hence isozymes. 
Most of the leaves used for gel electrophoresis were from Nardus plants which were 
collected from the field and sampled directly, or cut down and allowed to regrow before 
sampling. Thus any zymogram differences found between such samples might not 
necessarily be due to genetic factors. By sampling from plants at intervals of time from field 
collections it was hoped that any non-genetic differences, if present, would disappear, and 
any genetic differences remain. However, it also proved possible to use seed-grown material 
from plants grown from the 350 m (Site 1), and 700 m (Site 2), Helvellyn sites, thus 
enabling a comparison of seed and non-seed grown plants. Since the seed-grown plants 
from each site were cultivated under identical conditions, any zymogram differences 
between them must represent true genetic differences. The plants were collected at random in 
the field , from each site. The plants used for gels were a random subset of these, with 
different plants used for each run if possible. The seed-grown material used was a random 
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selection of leaves grown from alx>ut 20 seeds from each site. 
A more comprehensive description of materials and methods used for gel electrophoresis in 
this work is as follows: 
Using the Pharmacia GE-2/4LS tank and Pharmacia EPS 500/400 power supply, a run of 
24 columns can be completed in a day. Six samples were usually used with two slab gels 
being simultaneously run within the tank. 1his means that four enzymes could be stained 
for. The method employed is one derived by M. Russell (pers. comm.) and gives good 
results for Nardus stricta . Gel slabs of 180 x 200 x 2. 7 mm are used. 
Gel preparation 
The buffer system of Davis (1964) was employed, omitting the stacking gel which has been 
shown to yield no improvement (M. Russell, pers. comm.). The gel buffer and monomers 
solutions were kept in stock (refrigerated); these are given in App. V, Table 5.1. The 
ammonium persulphate solution given in App. V, Table 5.2, was made up fresh for each 
run. 50 ml of gel buffer and 50 ml of monomers were mixed with the catalyst to produce 
enough solution to make two gels with a resulting gel concentration of 7 .2 %. 
Gels were prepared in a Pharmacia GSC-2 gel casting apparatus. The solutions were mixed 
and swirled under vacuum to de-gas for two to three minutes. The mixture is then carefully 
poured into the mould, using a 50% glycerol solution stained with BPB to push it up 
between the plates, and left to set for alx>ut one hour at room temperature. 
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Sample preparation 
The homogenizing medium described by Smith (1976) was used; this is given in App. V, 
Table 5.3. 0.2 g of fresh leaf material was placed in a chilled mortar with 2 ml of 
homogenizing medium and a small spatula of polyvinylpyrrolidane (PVP). The mixture was 
ground to a smooth homogenate and immediately centrifuged at 10 OOO g for 10 minutes. 
Supernatent was then poured off and mixed with a solution of 7 0% sucrose and 1 o/o BPB in 
the ratio two parts supernatent to one part sucrose solution. 
Loading and running 
The tris-glycine electrode buffer described by Davis ( 1964) and given in App. V, Table 5.4, 
was made up fresh for each run and only used once. 
The gels were loaded into the apparatus with the electrcxle buff er and pre-electrophoresis 
was carried out for 15 minutes at 25 mA per gel. Buffer circulation to the upper reservoir 
was then stopped and samples were loaded into the sample wells using a 20 µl Gilson 
pipette. 20 µ1 of sample per well was used. 
The samples were run into the gel at low current (25 mA). When the BPB front had moved 
about 5 mm into the gel, full buff er circulation was restored and current increased to 100 mA 
set at constant current mode (the turning on of full buff er circulation before this stage would 
have resulted in mixing of the applied samples). The run was usually terminated after three 
hours by which time separation of detectable isozymes was complete. 
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Staining 
All staining solutions were freshly made just prior to termination of the run. Enzymes 
stained for were: esterase (ESn (Scandalios, 1969); malate dehydrogenase (MOH) 
(Vallejos, 1983); glutamate-oxaloacetate transaminase (GOn; peroxidase (PER); 
glucosephosphate isomerase (GPI); acid phosphatase (APH); and glutamate dehydrogenase 
(GOH) (Shaw and Prasad, 1970). Polythene boxes were used to contain the gels and stain 
whilst being incubated. The zymograms were recorded by photography or drawing. Recipes 
used to produce the stains are given in App. V (Tables 5.5 to 5. 7). 
5.2ii SDS gel electrophoresis 
The solutions used for SOS-PAGE gels were derived from Laenunli (1970). Laenunli's 8% 
gel was used throughout. A 0.375 M Tris-HCI (Jfl 8.8) gel buffer was used. This was 
kept ready made in a refrigerator according to the recipe given in App. V, Table 5.8. This 
solution was filtered before storing. The monomers solution was also stocked. It was made 
up as given in App. V, Table 5.8. Again, this solution was filtered before storing. 
To give enough solution to make two 1. 5 x 200 x 180 mm 8% gels, the amounts given in 
App. V, Table 5. 9 were mixed just prior to casting, ammonium persulphate and TEMEO 
being added to catalyze the polymerization of the polymers. This solution was swirled under 
vacuum in a conical flask to de-gas for the first few gels. However, for most gels this was 
not done and there was no drop in gel quality, a feature observed elsewhere (A. Herrera, 
pers. comm.). As for the non-SOS-PAGE gels, the Pharmacia GSC-2 gel casting apparatus 
was used, with the 50% glycerol solution stained with BPB. Gels were cast the afternoon 
before use, removed from the casting apparatus once set (one to two hours), tightly wrapped 
in cling film, and placed in a refrigerator at 4 °C overnight. 
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In the morning the electrode buffer was mixed. Titls was Laemmli's pH 8.3, 0.025 M Tris 
buffer, given in App. V, Table 5.10. Once ready, the electrode buffer was poured into the 
Pharmacia GE-2/4LS tank, and the circulation and mixing system started to cool the 
contents. The leaf protein samples were prepared, using 0.2 g of fresh leaf material from 
each Nardus plant, which was cut into 5 mm segments. These were then ground with a 
pestle and mortar until a smooth slurry was produced. The mortar was kept as cold as 
posmble by leaving it on ice whenever it was not in use. 1 ml of the 0.062 M Tris-HCl, 
iJI 7.0, sample buffer (kept refrigerated) given in App. V, Table 5.11, was used for each 
0.2 g of leaf material. To this was added a pinch of PVP in the mortar just before grinding. 
Once smooth (this took some time as Nardusleavesareparticularlytough)thehomogenate 
was scraped with a spatula into a small centrifuge tube and kept on ice in the dark until all 
samples were ready. All utensils were washed and dried very thoroughly between samples. 
Four to ten Nardus plants (tussocks) were sampled in this way for each run. The samples 
were then centrifuged at 10 OOO g for 10 minutes in a lab-top centrifuge. The supernatent 
was poured off into 1 ml plastic vials. The volume of supernatent was estimated by viewing 
from the side of the vial and 50 % of this volume of a sucrose solution was added. The 
sucrose solution was stocked according to the recipe in App. V, Table 5.12. . 
The vials were then shaken and kept in the dark on ice. When convenient, either before or 
after grinding, the gel(s) were removed from the fridge, unwrapped, and mounted in the 
tank. Pre-electrophoresis was carried out at 12.5 mA per gel for about 20 minutes, using the 
same power source as for the non-SDS gels. 
20 µI of each sample per well was then loaded using a 20 µI ~n pipette. These were run 
in at 12.5 mA per gel for at least 30 minutes. After this period of time the voltage was 
increased to 250 V, with a concomitant current of 37 mA per gel. The power supply was 
kept on constant voltage, with the current falling from 37 mA to about 29 mA per gel over 
the course of the three hour run. As in §5.2i, the upper buffer circulation was not turned on 




After about 3 hours the front had moved over I O cm and the run was terminated. The gels 
were cut from the glass plates with a razor blade and placed in plastic boxes for staining. 
This was carried out at 40 °C in the dark for two hours, with a general protein stain, given 
in App. V, Table 5.13. 
This temperature was maintained using a water bath with the plastic boxes taped over the 
surface. The gels were then thoroughly washed using d.H20, 5% acetic acid then being 
added for destaining, which was done at room temperature overnight. The gels were then 
photographed. 
It should be pointed out that, although the above methods for standard PAGE and 
SOS-PAGE worked well for Nardus, this may not be the case for other species. Fmding a 
method that works for a given species requires much trial, error, and luck, with adjustment 
of the Jfls used and so on. Parts of the standard PAGE method which could be adjusted 
include the current and time used for the run, the homogenizing medium, the addition of 
PVP, the electrode buff er, and the amount of protein sample added to each well. 
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5.3 Results 
5.3i Non-SDS gel electrophoresis 
Four enzyme stains were succes.sful. These were for malate dehydrogenase (MDH), esterase 
(EST), peroxidase (PER), and glutamate-oxaloacetate transaminase (GOT). Differences 
were found in all zymograrns between at least some of the populations examined. The 
Nard.us plants used for these experiments had been collected from the field seven to eight 
months prior to running the first gels. These were kept in a greenhouse during this period 
(November 1985 to June 1986) and not cut back. 
The first runs were with plants from the three Helvellyn sites: Site 1 at 350 m; Site 2 at 
700 m; and Site 3 at 720 m (see § 2.1 for a fuller description of these sites). Stains were 
made for MOH, GOT, and EST. These last two stains did not show any bands; the reason I 11 
for this was not obvious but may have been due to some of the solids in the stain not 
dissolving properly. However, the MOH stain worked well and all lanes showed a clear 
negatively stained band at about 10 mm from the wells. These bands were slightly closer to 
the origin in the Site 1 lanes. There were two other sets of bands from all sites, a purple one 
at 55 mm and a clear one at 90 mm. After about 24 hours the clear MOH bands turned 
purple. 
The run was repeated with the same sites, but this time the GOT stain was changed to PER. 
No differences were ~vident for MOH or EST; the stains did not work well. However, clear 
bands appeared at 100 mm for PER; the band for Site 1 was closer to the origin than the 
other two, which were the same. Thus there was good evidence that plants from Site 1 on 
Helvellyn contained different forms of the enzymes MOH and PER. 
The next run was again with the three Helvellyn sites, but also included plants from the Peak 
District (230 m), New Forest (60 m), and Snowdon (700 m). MOH and PER were stained 
for. Interestingly, not only were the differences between the Helvellyn sites found in the 
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previous two runs repeated, but also the New Forest and Peak District bands were as for 
Site 1, and the Snowdon bands were as for Sites 2 and 3, for both MOH and PER. These 
six populations of Nardus were run again and stained for GOT and EST. Though the 
banding was clearer than before, no differences were evident. 
Another run for just the Helvellyn plants was done to see if there were any differences in 
bands between the growing region and the mature region of the leaves. These were stained 
for MOH and PER. The bands produced by the elongating region were very faint and were 
the same as for the mature region in PER. Again Sites 2 and 3 were the same, and Site 1 
different. The MOH stain did not work properly. 
In July 1986, Nardus tus.socks were collected from Ben More. These were kept alongside 
the other Nardus plants in a greenhouse. Two months later some of these Ben More plants 
were also used for gels. Ben More plants form 345 m and 862 m were run alongside plants 
from the Peale District (230 m) and Site 2, Helvellyn (700 m). MOH and PER were stained 
for but only MOH worked. This was left for longer than usual and resulted in quite broad 
purple bands. The bands were in three different positions; only the Peale District and Site 2 . 
Helvellyn bands were the same as each other. The band for 345 m had the highest mobility, 
and 862 m the lowest, and was darker. Hence there appeared to be differences in PER 
isozymes in Nardus from different altitudes on Ben More two months after harvesting. 
Because of this, and the desire to exploit the greater altitudinal range on Ben More for these 
studies, another run was done using four altitudes from Ben More (862 m, 646 m, 409 m, 
and 345 m). MDH was stained for but the results were not very clear. There were 
differences but these could have been due only to differences in band stain density. The gel 
did not set evenly and led to some intermingling of samples. Another run was done of the 
same plants, but although there appeared to be differences for PER, MOH, and GPI, these 
could well have been due to uneven gel setting. A third run with the same plants was much 
more successful. PER, MOH, and GPI were stained for, though GPI showed no bands. 




appeared diff erentfrom the rest, particularly the fast bands of MDH of which there were two 
for all altitudes except 646 m. This run was repeated for MDH for different plants from the 
same altitudes, and the same difference was apparent 
Nardus tussocks from 862 m and 366 m on Ben More had been split, cut back to their leaf 
bases, and grown in a low C02 partial pressure (equivalent to an altitude of 2000 m), or 
nonnal 002• After sufficient length of leaf had developed, these leaves were ground up and 
run on a gel. They were all stained for MOH and PER but no differences were found. 
More runs were made looking at Ben More material from the greenhouse but no further 
differences were found. This was from more than five months after the harvest of the plants 
(July to December). All the plants were cut down to their leaf bases and allowed to regrow. 
The aim of this was to attempt to reduce any carry-over effects. 
A gel was run after about eight weeks of regrowth of Nardus from 829 m, 786 m, 581 m, 
and 413 m on Ben More. M. J. Chadwick (pers. comm.) pointed out that carry-over in 
Nardus may persist for two or three growing seasons under greenhouse .conditions, 
following harvesting from the field. However, the cutting back applied to the plants in this 
experiment appeared to negate all isozyme differences found in the field, an MDH stain 
showing no differences. The slow-moving bands which were found to be different in earlier 
runs were definitely the same here. A further run for MOH on the same material produced 
much clearer bands, but again there were no differences. Yet another run also gave no 
differences for MOH. APH and GPI were also stained for. The former stain did not work 
but the latter gave very good bands, from which no differences were detectable. Further gels 
on other regrowth of plants from Ben More failed to show any differences for MDH, APH, 









It was decided to do some SOS-PAGE gels on Helvellyn and Ben More Nardus plants to 
see if any differences in Rubisco subunit sizes could be found. Mummenhoff and Hurka 
(1986) suggested a technique for doing so, involving two stages. However, J. Gray 
(pers. comm.) suggested that any differences, if present, will show up in just their second 
stage, and hence only this one was used (see §5.2ii) . . 
5.3ii SDS gel electrophoresis 
SOS-PAGE gels were run using regrowth material from the three Helvellyn sites and 
862 m, 754 m, and 345 m on Ben More. The run worked well and produced many bands, 
though the gel had stained somewhat unevenly making comparisons difficult. Another run 
was done including Vaccinium myrtillus from three altitudes on Ben More for comparison. 
However, the Vaccinium bands were very faint; there did not seem to be much protein in 
the samples. A run was made with Nardus from the three Helvellyn sites, and a set of high 
molecular weight (HMW) protein markers. These allowed identification of the Rubisco 
small subunit (SSU) polypeptides. This was possible, but the bands were not clear enough 
to detect any differences between the plants. A second run on the same Helvellyn material 
produced bands which were not as sharp as they were for the Ben More material, but they 
did reveal a difference at the low molecular weight end of the gel (Fig. 5.1). Site 1 was 
different from the other two sites, as for the earlier MOH runs. 
At this stage plants of Site 1 and Site 2 Helvellyn Nardus grown from seed were ready for 
grinding. These were run_ alongside the HMW markers. Many bands were produced (see 
Fig. 5.2); there appears to bea difference in the band marked on the figure. 
Runs were made on regrowth of plants from various altitudes on Ben More but no 




HMW 1 2 3 Origin 
--~ 
Fig. 5.1. SDS-PAGE gel of regrowth of Nardus leaves from Site 1 (350 m) , 
Site 2 (700 m), and Site 3 (720 m) on Helvellyn. Note difference among bands 







Fig. 5.2. SDS-PAGE gel of seed-grown Nardus leaves from Site 1 and Site 2 
on Helvellyn. Note difference arrowed. 
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S .4 Discussion 
It appears that Nardus plants from Site 1 (350 m) on Helvellyn are genetically different 
from those at Site 2 (700 m) and Site 3 (720 m). These last two sites were always the same 
as each other in band pattern. Differences were· found at both the MDH and PER loci for 
field-grown material. Differences in band pattern were also found using a general protein 
stain, following treatment by SOS, for field-grown material which had been cut back and 
allowed to regrow. Seed-grown Nardus from Site 1 and Site 2 produced differences using 
SOS-PAGE, but these were not the same differences found for non-seed grown material. It 
seems that the environment in which the plants are grown has an effect on the form of 
enzymes produced by Nardus, but there is also a degree of genetic differentiation between 
altitudes on Helvellyn. 
Recently harvested material from different altitudes on Ben More produced differences in 
band pattern for both MDH and PER. However, after five months of growth under the same 
greenhouse conditions these differences disappeared. No differences were obtained after 
five months using SOS-PAGE either. 
The loss of the differences found in the Ben More material from different altitudes for MDH 
and PER suggests that the different environments at each altitude might have been 
responsible for the expression of these differences. The difference found between non-seed 
grown material from different altitudes on Helvellyn also disappeared when seed-grown 
material was compared, although another difference became apparent It is possible that the 
enzymic differences found between field-grown material from different altitudes is due to the 
effect of temperature changes with altitude. Graham and Patterson (1982) noted how the 
protein spectrum produced by plants is often altered by temperatures close to or at the limit 
for growth. To test this point it would be interesting to grow Nardus plants from seed and 
then see if, by altering the temperature, the same electrophoretic patterns as for field-grown 
material could be produced. 
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It is clear that because temperature is an important determinant of the rate of enzymic 
reactions, many plants possess mechanisms for the acclimation of proteins to the prevailing 
temperature environment (Graham and Patterson, 1982). There is also considerable evidence 
that different ecotypes, adapted to contrasting temperature regimes, often prcxluce enzymes 
which work particularly well at their acclimated ·temperatures (e.g. Simon, Charest, and 
Peloquin, 1986). Thus it seems that both adaptive and short-term acclimatocy modifications 
play a part in the modulation of catalysis under varying temperature conditions. Acclimation 
can be extremely rapid, even near-instantaneous (Simon et al., 1986). Somero (1978) 
described the 'goals' of temperature adaptation and acclimation as the conservation of 
catalytic potential, binding ability (regulator sensitivity), and structural state of the enzyme. 
There are hundreds or even thousands of papers dealing with the interaction between 
temperature and enzymes. The Km of enzymes is often found to change during acclimation, 
such as found for Rubisco at low temperatures by Huner and MacDowell (1979b). These 
authors found that the change in the Km of Rubisco at low temperature was associated with 
a change in its electrophoretic pattern. In cold-hardened plants the Km of Rubisco for Co2, 
below 10°C, was lower than that of unhardened plants. But hardening also resulted in 
decreased efficiency of this enzyme at higher temperatures. Thus in a fluctuating temperature 
environment, such as on a mountain, rapid temperature acclimation may well be strongly 
selected for. This change in Km of Rubisco was thought to have been brought about, at 
least in. viva, by a conformational change due to sulphydtyl (SH) reactive groups, hence the 
change in electrophoretic properties (Huner and MacDowell, 1979a). 
Graham and Patterson (1982) highlighted the importance of protein changes in the 
adaptation of plants to different thermal regimes. Genotypes of Lathyrus japonicus were 
found to prcxluce forms of MDH which differed in their thermostability, and appeared to be 
related to the temperature environment of their native habitat For Nardus populations it 
I I 
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appears that on Helvellyn different isozymic forms of MDH are produced at different 
altitudes. It seems likely that they may differ in their responses to temperature and may well 
be under genetic control, unlike on Ben More. The reason for genetic differentiation having 
occurred on Helvellyn but not on Ben More is unclear. Potvin, Simon, and Blanchard 
(1983) also found MDH ecotypes, as have other workers (refs. in Simon etal., 1986). The 
reason for such adaptation is probably that MDH is an important regulatory step in the 
tricarboxylic-acid cycle during light-dark-light transitions (Graham, 19 80). 
The variation in PER zymograms found for Nardus match those for MDH. The 
electrophoretic properties of isozymes of PER have been shown to be influenced by the 
temperature at which the plants are grown (McCown, McLeester, Beck, and Hall, 1969). 
Though the physiological significance of PER is not well understood, it oxidizes a wide 
range of substances (Scandalios, 1969); it thus appears likely that the different isozymes 
found here might be due to the diff erenttemperature environments at each altitude. 
Graham and Patterson (1982) made a plea for more work on the effects of temperature on 
different thermal ecotypes. They remarked how altitudinal ecotypes might be perfect for this 
purpose, such as those found by Patterson, Paull, and Smillie ( 197 8) in Lycopersicon 
hirsutum which differ in chilling sensitivity. It was also stated how it has so far proved 
difficult to separate genetic and environmental influences, and that 'an additional advantage 
of using closely related plants is that it opens up the possibility of genetic analysis of cold 
sensitivity and the use of plant breeding techniques with eventual application in agriculture 
and horticulture'. ~ough the latter will be more relevant to the wild tomato L. hirsutum , it 
seems that Nard.us might also be a good candidate for the study of the genetic and 
biochemical control of plantperf ormance under different therµialregimes. 
In conclusion it may be stated that there exist genetic differences between populations of 
Nardus at 350 m and 700 m on Helvellyn. There also exist differences in the form of MDH 
and PER present in these plants in the field, and these differences persist with greenhouse 
cultivation. These isozymic differences probably represent different forms of the enzymes 
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which have different values of Km , enabling them to function optimally under the two 
contrasting thermal regimes (see §2.1). lsozyme differences were also found between 
Nardus populations on Ben More at different altitudes. However, these did disappear with 
greenhouse cultivation. There is no evidence for genetic differentiation on Ben More. 
Nardus is successful on this mountain due to acclimation, not adaptation. The reason for 
this difference between Ben More and Helvellyn is unclear. 
Further work should investigate the precise nature of the genetic control of enzyme 
expression at different altitudes on Helvellyn by growing Nardus plants from seed and 
subjecting them to different thermal regimes. It would be most interesting to see if MDH 
enzymes extracted from Nardus from the two Helvellyn sites really do differ in their values 






Temperature and C02 partial pressure fall, wind speed increases, and solar radiation 
increases on clear days, with increasing altitude. In Britain, mean solar radiation tends to 
decrease with increasing altitude due to cloud, though it probably increases in Switzerland. 
Because of these gradients, Nardus stricta might be expected to experience different 
selection pressures at different altitudes in Britain and Switzerland. These features of the 
environment will certainly have a differential eff ecton development atdiff erent altitudes. 
The areas of mountain plant ecophysiology that have so far been studied were discussed in 
Ch. 1, with special emphasis on the functioning of leaves. Many features are found in plants 
with increasing altitude that appear to be adaptations. However, most of these features could 
also have been the result oflow temperatures during leaf development. Such features include 
increasing ~IIX' ECU, and stomata! density with increasing altitude. 
Nardus stricta occurs at many altitudes, hence its ecophysiology and possible genetic 
differentiation were investigated. By using a portable gas exchange system it was found that 
rates of photosynthesis increased with altitude in Scotland in July 19 87. An increasing trend 
was also observed in June 1986, but was not statistically significant. Concurrent 
measurements showed .that much of the variation in photosynthesis could be explained by 
variation in stomata! conductance. Subsequent measurements of leaf nitrogen showed that 
variation in this also correlated well with variation in photosyn~esis. This all supports the 
ideas developed in Ch. 1 that the reduced growth temperatures experienced with increased 
altitude result in leaves with greater amounts of leaf nitrogen per unit leaf area, greater 
maximum conductance, and hence greater values of Amax and ECU. Greater nitrogen per 
unit leaf area results from a reduction in the rate of leaf expansion which is greater than the 
reduction in the rate of nitrogen supply due to reduced temperatures. Since photosynthesis is 
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less sensitive than growth rate (leaf expansion), the concentration of metabolic prcxlucts will 
increase at lower, compared with higher, temperatures, particularly if less limited by 
nitrogen supply. A greater amount of nitrogen and associated photosynthetic machinery per 
unit leaf area will probably result in a greater ECU since the amount of leaf Rubisco and 
nitrogen closely parallel one another. An increase in ECU in a developing leaf tends to 
result in an increased maximal conductance (gmax), and hence increased Amax. 
One part of this scenario is the increased gmax in leaves grown at reduced temperatures. 
Growth at low temperatures often results in thicker leaves, with the associated changes 
already described. It was found that stomata! density on the abaxial surface of Nardus 
leaves did indeed increase with altitude in an alpine area of Switzerland. This was associated 
with a decline in adaxia1 stomata! density. Because of the inrolled morphology of Nardus 
leaves, the outcome of this is probably an increased gmax with altitude. This variation in 
stomata! densities on both surf aces was correlated with leaf thickness. Thicker leaves tended 
to have more stomata on the abaxial surface, and fewer on the adaxial surface. This further 
supports the ideas developed in Ch. 1 for the control of stomata! density, though with the 
complicating effect of the boundary layer conductance of an inrolled leaf. 
Thus the growth rate of leaves at different temperatures is central to the understanding of the 
relationship between plant physiology and altitude. In the work just discussed, there was no 
evidence of genetic differentiation with altitude in Nardus ; all the variation could be 
explained by developm~tal phenomena. However, evidence for genetic differentiation was 
found in the response of leaf extension rate to temperature between three populations of 
Nardus from different altitudes on Helvellyn. Proof that these ,different populations were 
indeed genetically different was provided by gel electrophoresis. These responses appear to 
be adaptive, with the highest altitude population able to grow faster at low temperatures than 
populations from lower altitudes, enhancing its capacity to make full use of the short 
growing season. The population from low altitude was unable to grow very fast at low 












would outgrow plants from the low-altitude site under high altitude conditions during the 
spring. However, the low-altitude site plants grew faster during the wanner summer. 
Differences in the isozymes malate dehydrogenase and peroxidase occurred between Nardus 
from the different sites on Helvellyn. These differences probably enable the particular 
enzymes to work best under their natural thermal regime. They remain upon greenhouse 
cultivation and hence probably represent genetic differences. Differences were also found 
for these enzymes in Nardus from Ben More and some other sites, but these disappeared 
after a few months' cultivation. Thus development at different altitudes in response to 
temperature, probably gives rise to the operation of acclirnative responses in these 
populations. Seed-grown material confirmed that there are indeed genetic differences 
between Nardus from different altitudes on Helvellyn. 
Perhaps the most important conclusion from this work is the need to separate plastic and 
acclirnatocy effects from those that are fixed (i.e. genetic) . Until this is done we will never 
fully understand the significance of differences in ecophysiology between plants. 
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· Appendix! 
BASIC program to run under MS-DOS (GWBASIC) for the processing of data 
collected and stored in an ADC DL-2 data logger. 
_:,;:_ 
Irga analysis program 









:i (=) ~;(~) ~·~:~'. !~1~~ ;~ • .;!~• :~ ;_ i ~; ~:;~ ~, F ;- Ie ~: ~:r \/ D~;~ .  ~ ~~;: t_ :cl ~!;~,t~:\ t t· 3 rii,;fe ;- p !-ciq 1- =;m II 
1 ='. ~ 2 () : I r-~ F' i_J T 11 F' l e e.=· e f:• ,~ E:.' ~ -=· ~-et'-'· r- n /. E· n t E.· r· t. [) C: 0 n t :L li U. e n C1 u 11 r, A ~r 
s·2 IF ( P:r·.JS~1t,= 11 ·y '') T~-!Er··-~ ~,c!·rci 1 ()C1 
c:·~ LDC::ATE 10, :=:o: I 1•1PUT 1' F't- i r,t rl=1i . ;:. sE·t c,n l y-;:· 11 . At·!SD+ 
94 IF ( A!·JSD-$= "v") THE!~ GDTD 667 
9'.::; GOTO 410 
100 S==O 
110 GOSUB 1000 
140 LOCi:; TE l O, 20: INPUT 11 F' l e;,:i ·:::-e i r:c• ut f i l en,:,,.rne fo t- ":"'. J :i. Dc.J r- c::;.H dE:i.t ·=1. 11 , FI LE t=-
150 CALFf="A: "+FILE$+". DAT" 
160 OPEN CALF$ FOR OUTPUT AS #2 
170 L[IC:?:·: TE 12, 20~ IfclF'UT 11vJciuld VDU 1 ikE· ::,. h.:::1.1 -,j CD() \ ' cf thP 1-i':,,hl cJ,:;t,::,·-;:· 
180 CL.S 
240 L_OCP1TE 10, l 6: F'F I , .. 1T 11 I 2m nc:11.,.J c,u.t r::i u t t i nc:i veiu r- da.t 3. t ci t hF:' ·f i l c· " . .. 11 
250 IF AJ\1~;B$:::.c ( 11 y' 11 ) THE!') l::iiJTO 260 EL~;E l:::i[ITO '.:::'.70 
2 6 0 L [IC ATE 1 6 • 1 .::-~. : F:, F: I!~ T 11 • • • • • • • a n cl t:H i n t j ,, q " 
270 FOP I= 1 TO 500 
280 IF I=S THEN GOTIJ 350 
29C• GO~;LIE: =·;;:)(i() 
3'.?0 C-:,C1St.!f: :::::ooo 
330 1 F P:r .. !'.::.Bt== ( 11 v ") THE!.J ,:::;D ·;us 4C11)0 
340 NEXT I 
350 [ :LS 
360 CLD:3E #'.? 
370 LDCATE B. 20: PF: INT "Dt'H A Tr:(c:!·t3FEF: coMF·LETE 11 
390 LDCATE 10;20~ H·WlJT 11 vJ,::,uld you like tci en-Dees::= thE· d=-,t2-::, " ,A t·-!f:;C'* 
400 IF (A!'1:3C+="n") THEr•j 1:3DTIJ 10000 
410 CL~, 
4 ~·: 0 LO C P1 TE 8 • 2 0 : I N F' U T 11 P l e 2 s. e. i 1·-1 u u t -f i l e t ci u t u 1 _  '= = <:=,. ' 1 : F. I LE: 1 $ 
430 FILE1$= 11 a. : 11 +FILE1$+ 11 • da.t" 
440 OPEN FILE1$ FOR INPUT AS #l 
44 l LOC{; TE 1 U, 20: I NF'UT 11 P l e.;?.s.e input -f i l E' to S- -~ .... JE• n , - ,. .. ;rpc.::.c::;i=, ...-1 r/;.,,+ ."'1 
442 FILE2$= 11 a: 11 +FILE2=$:+" . d::1.t" 
444 OPEN FILE2$ FOR OUTPUT AS #2 
445 CLS 
446 LOCATE 10 . :::::o : F'FI1\!T 11 F'leas.e er-,te! Fb : 0. '.:::'.88 -fDt .. t,1 -02.d-le2+ 11 






L.DCATE 8. 1 /::::,: I ~,!PUT II Dc::1es the p t-essu!·-e C h2.nqe bet\.-.. ,een D lot=::·-::· II ; 
LOCATE 10~, 16: H·ff'UTJIPle3se input cn-essuxe fm- first plcit (mL) 
LC:)CP,TE 12~ '.:::'.O: It'-)F'UT"Ar-E:- les.f sxeas or! IF:GA to be usr:,cJ -::· 11 :: Dil· 
IF (DI$= JI y JI> TH E~,! GCITD 540 
4C:o L[1C:A TE 14, 2(i: 1r,JF'LIT 11 [\!E?ltJ lP-:"::i.f .:=i.r-e.E·J -Fc:: 1-·· E:•.:=i.c:h 1··E-:cc,r-d'"7' '' ': I) F'.$ 
LJ s·o LOCATE 16. 20 : H..JFLJT II r,Jev-J l E!i:1 . .f '-='• n::•i:1. fee r e2.c: h c:, 1 et on l \/'";:· " ; DF'$ 




IF ( DP$= II y 11 ) AND ( P=O) THEN GD::;!_iF 5 L::-, 1) 
.IF (DF:$= II y 11 ) THEN t:::iOSIJB 5 i 60 
IF <Ar-?:::C$= 11 y 11 ) A!~D ( PL < >PL T) THEt,J GDSUB 
574 IF (DI$= 11 v 11 ) THEr~ L..A=LPI 
580 GDSLJB 2000 
585 A~~=Ar .. n,1 
590 FF:=FC 
600 GCtSUB 3000 
620 vJEr,m 
621 CLIJ~;E # 1 
622 CLOSE #2 
630 CLS 
5:2'.(>0 
640 LOC?HE 8, :?O: F'F.:HH 11 DATP; TF:At,JSFEF-: CIJMF'LETE 11 
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650 LOCATE 10,20:INPUT 11 Would you like a hard coov of the processed data? 
II , ANS[ $ 
660 IF ( ANSC·$= 11 n 11 ) THEt·J GOTO 10000 
661 OPEN FILE2$ FOR INPUT AS #2 
667 LOCATE 12.20:INPUT 11 F'le,3se input filen<::<.me. fm- pt-i11tjng •.• " , FILEf 668 FI L.E~i== 11 a.: 11 +FI LE$+ 11 • d'3.t 11 
669 OPEN FILE$ FOR INPUT AS #2 
670 LOC{-':TE 14, 20: HWUT II l1Jeiu 1 d you 1 i ke a 11 of the dc1tc1. l:J t- i nted ,::::1ut ·,:-67 l CL~; 
6Fl0 IF ( At\Jf3C$= 11 11 11 ) THEI') GDTO 690 
681 I=O 
682 ,]=500 
683 GOTD 6('5-'6 
6 9 0 L DC ATE 8 ~ 2 0 : H ·I F' I_I T II l>.J h i c: h D l o t f i t- s t ~· 11 , I 
6 9 l L DC ATE 1 0 ~ 2 0 : I NP LIT II H rn·! ma II v o 1 o t s '::' " , J 696 INPUT #2,SET$,F,P,P,D$.T$,RH,REF,ANN,Q,TA,E,TL,GS,PN,CD2I,FC~LA 700 IF CEOF(2ll THEN GOTO 720 
710 INPUT #2.SET2$.F2 , P2.R2.D2+.T2$.RH2 , REF2 . ANN2,02.TA2.E2 , TL2~GS2,PN2. Cci2I2,FC2,LA2 . . . 
. . . 720 IF (P=I) DR (P2=Il THEN GOTO 750 
730 IF (EOF(2l l THEN GOTD 10000 
740 GOTD b9,==., 
750 GUSUF: 6000 
760 IF (EOF<2> > THEN GOTO 10000 
770 FLAG=P 
780 INPUT #2,SET$ , F,P,R,D$,T$,RH.PEF,ANN,Q,TA.E,TL,GS,PN,C02I,FC,LA 790 IF CEOFC2)) THEN GOTO 810 
800 INPUT #2,SET2$~F2iP2,R2,D2$,T2#,RH2,REF2,ANN2.Q2,TA2,E2,TL2 , GS2,PN2, CCJ2I2 , Fe:::::, LA'.:::': 
810 IF (P=FLAG) THEN GOTO 750 
820 I=I+l 
830 IF <I>J> THEN GOTO 9999 
840 GOTO 750 
1000 REM***************~******************************************** 1010 REM* DATA INPUT ROUTINE * 
1020 REM************************************************************ 1030 LOCATE 8,20:PF.:INT"Select 1200 bc1.ud on DL2 with pc:<.use" 1040 LOC:::ATE 10,20:P~:INT 11 Cor,nect to IBM FC se~-ia.l poYt a.s. [:[1!·11 11 1050 LOCATE 12 , 2:0: H~PUT 11 F't-ess:. IBM t-etu~T1 key tc, 1:n-oceed 11 , At 1060 CLS 
1070 LOC{-\TE 8, 16: F'F.:INT "Plea.se would you. nrn,J pt-es·'=· DL'.:::': ke y to s;t2Tt t t-a.r1c.:-fet- 11 
lOEiO LOCATE 10,16:PRI~H"Al--Ja.iting [ \I -::• II 
. ..._ ......... 
1090 FOF: S=1 TO 500 
1100 DF'EN"CDl'11: 1200, E;, 7 ~ 2 ,; CS, D:3" AS ¥.2 
1· 
1110 FOR J=1 TO 50:NEXT J 
1120 INPUT #2. A$ 
1130 IF A$=";i"THEN t::iOTCI 1160 
1140 IF Al="Z 11 THEN GOTO 1200 
1150 GDTtJ 1120 
1160 INPUT#2.A$(Sl 
1170 CLOSE #2 
i18C• F·F:liJ"T A*(E,) 
11.-::;,o !\!EXT E'.i 
J. 200 1:1 _1t'=iF#-::· 
1::::10 CLS 
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1::20 IF S = 1 THEt,J LDCATE 14, '.:::O: F·Fdt!T "NC::t D~HA TFA1)'.3FEF:F:ED": C:<i]TC:) 10000 
1230 RETUF:N 
2000 REM************************************************************* 
2010 REM* DATA CALC * 
2020 REM******~****************************************************** 2030 FC = FR*P*10A(-3)t273/((273+TA)t1.013) 
'.::::040 M=22. 4 
2050 EA= 6. 13753tEXP(TA*C18.564-TA/254.4l/(TA+255.57)) 
2060 WO= EA*RH*.01/P 
2070 ANN=AN-(l+C.000787l*ANl*Cl-EXPC-.07*WD*1000l) 
2080 E = FC*WD*10000/CLAtM*C1-WO) l 
2090 F'!'l == FC:t i'.F:EF-A!-1) *10./ (!··:H_A* ( 1-l,,J!J)) 
2100 A= E*.001*<44750 1 +TA/32) 2110 B = 26.9421*1.012/RB 
2120 C = (2.28E-07l*CTA+273)~3 2130 TL = TA+(. 175*0-Al/(B+C) 2140 WI= 6. 13753*EXP(TL*C18.564-TL/254.4)/CTL+255.57)) 
2150 WBAR = (WI+WDl/2 
2160 GW = E*(l-WBAR*.001)/tWI-WOl 
2161 IF GW<~O THEN GOTO 2170 
2162 CD2I=O 
'.:?163 G'.=.'. = 0 
2164 GOTO 2210 2170 RS = 1/GW-RB 
2180 GTC = 1/C1.585*RS+l.37*RBJ 
2190 C02I = ((GTC-E/2000l*ANN-PN)/CGTC+E/2000) 
2200 GS= 1000*1/RS 
2:::! 10 RETUF:I\! 








REM************************************************************* PRHH #2, "SET t~O 11 • 
PRitH PR I !\!T #2' ~:: ~ 
PF:INT #::, F; 
F'F: I NT #2, 11 I' 11 ; 
PR I r\!T #2, F'L; 
PF: I NT #2, 11 , 11 ; 
31 00 PF: I NT 
3110 PF:INT 
3120 PF:l!\lT 
3130 F'F.: I NT 
3 :! 40 FF: I NT 
3150 PF.:INT 
#2, F: ; 
#2, [)$; 
#2~11·~11; 
# ·~• II fl • 





PR I r..n 
F'F-: I NT 
tt:· Ii l,J:3 Ii% 11 ## .. ##" ; F:H; 
# Co' " " • 
....... :i ~ !i 
F'F: I NT #2 a IJS I !,..!C:i 11 ##=I:!:. :f:I 11 ; F:EF; 
PRINT #2, 11 , _11 ; 
3'.:?00 FF? I r-n #2 ~ u:; I r-,JG "###. #" ; Ai); 
3::? 10 FF I NT #2, 11 , 11 ; 
3:=:::o F·;:; r !'-!T #2. us I 1'~1:3 11 #:J:Pt# 11 ; o: 
3'.::30 FP I !''11 
3:;:;:40 FF I iH 
3250 FF: I rn 
3270 FF: I !'~T 
3280 FR: I r,ff 
3290 FF: I 1·,n 
3300 FF: I r,n 
3310 PF:IIH 
3320 FF:T NT 
3330 FF:INT 
3340 PF: I t·)T 
3350 FPINT 
# r::• II 11" ...... , !i :i 
#2, Ui::;I I\JG 
#2 S II 1 II; 
:!=!2. USH-!G 
#~' JI II• 
........ , ~ :i 
#2, US HH3 
#2 ~ JI;' II; 
#2,USING 
# ·~• Ii II• 
....... :i ~ ~ 
#2 ~ ll :i 11; 
#2,US;JNG 
:t:I: .00::• II I I • 
........ ~ ' ~ 
"##" ## 11 : TA; 
,-:! f,r-·1 F'F I NT #2 ~ 1_1:3 I 1\11:3" #, ### 11 ~FR:; 
3370 FF: I rn #2 !• 11 ~ 11 : 
33E::O PF: I !\IT t+2, !..JS I !\IG "#:4 • ##"; L_A; 
3390 FRINT #2,CHR$(10)tCHR$(13l 
3400 F:ETUF:1·-! 
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4000 FEM***************************************************** ** ***** 
4010 REM* PRINTER ROUTINE * 
4020 REM************************************************************ 
4030 LPRINT DTE$,TME$,PL.R;FR 
4040 LF·F: I rJT 11 RELP; TI 1-./E HUi'·i ID I TY 
L! 050 LF'F: H-.!T us I NCi 11 #:f!. :J:1 "; F'H 
4060 LF'F?INT 11 AIF: TEt·1F'EFr.,iTURF. 
4070 LF·R 1 ~-JT UE, I r,!1:3 11 ## .. :t:l 11: TA 
4()fJO L._F'F? I f\~1· 11 F:EFE:F:Ei\l[:E [:i]2 F' F'l···1 
4100 
41 :LO 
LYF I l\!T 
LF'F: I ls!T 
LF'F'. I NT 11 F'FD l'iUi'·iCJL/·M-:::: / E, 
Ll ':3 I r,1,::::, 1 ' #i*#t~ 11 : iJ 41 ~so l.F'F'. I !\!T 
4260 L PF: Ir,iT 
4'.::70 LF'F'. I h!T 11 * 
4280 RETUF?!-.! 
J.· 











J.- ~ .. 11 
,f. '1·-
5000 REM************************************************************* 
5010 REM* DATA FORMAT ROUTINE * 
5020 REM************************ ****** *** **** ************************ 
5030 A$=P1$ ( I ) 5040 FMAT = (VALCLEFT$(A$,2) )l 
5050 F'L = (VALCMID$(A$,3,2ll l 
5060 R = (VALCMID$(A$.5,2l )l 
5c)7(> [)$ = r·'1I[>~t~ ({1·:t.·11 7 '.i 2) + II/ II + ~;1II)$- (A~;:' 9~ 2) + II./ II + ~/!I[)·$(?~,~$~ 1 :l ~ ::) 
5 0 8 0 T l = M I D $- ( i; '* , 1 3 , :=: ) + 11 ~ 11 + I'! I D + ( At , 1 ::.I ; 2 l 
5090 RH= CVAL(MID$CA$, 17,4 ))) / 100 
5100 REF= CVALCMID$(A$,21,4)l) / 10 
5110 AN = ( VAL (MID-$, (A$~ 25 i1 4) ) ) / 10 
5120 Q = VAL<MID$(A$,29,4) l 
5130 TA= <VAL(MID$(A$~33 , 4))) , 100 
5140 FR= (VALCMID$CA$,57 , 4) ll 600 
5145 LA=(VALCMID$(A£,61,4)l)/100 
51 :.'.10 F:ETUF:N 
51.::::, 1) LCJCATI:'.~ 16, 14:F'F:H!T"F'lee..~e. input le.?.-f an,?a -frn- plot. 
5170 LOCATE 18,16:INPUT LAG 
5180 IF (LAG<>Ol THEN LA=LAG 
5190 F'.ETUF<'.1°'1 
5201 LOCATE 22 , 16 : INF'UT P 
5:::: 10 F:ETUPN 
,1;F·L..;'• .-_: II 11 
. ~ 
ii"' J:'.1j ., 11 
:, I a_., , 
11 
:::,i.) '--·· .. ) 
t:.,Ci3t) L.Fr-: I :--~T :_1:::; I !)G !! ;~.-: ,, 1.:--: 
f_-1 ~ ,,-, 
,_, .._ ....;_ -· 
T$;P ; R,D2$ ; T2$ ; F2;R2 
1
' ; f;'. H ~ 1 ' F: E· J. e.. t i v E ' h u. rn i d i t \__.. 
., ; iJ:. 1!F'F L= rnL1 rT1:=:l .. ...--n-. ::: _/ s 
; ~:, j"".J :; I! F' h = 1 t C: = "y' i~ 
!_~:F: ! >~ T ;_1~: I ;--1~: ;; ~< 
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p ASCAL program to compare two regression lines by analysis of covariance 
pasclr program=%resti dd='datain=.data:d13cb87 dataout=.acout ' program ancov (datain,dataoutl; 
var x1,y1,x2,y2 :array[l .. 1000] of real; 
n1,n2,i :integer; 
sx1,sy1,sx2,sy2,ssx1,ssy1,ssx2,ssy2,sp1,sp2,varf,slopef, elevf :re.£'1.1; 
wdf1,wssx1,wsp1,wssy1,wb1,wedf1,wess1, 
wdf2,wssx2,wsp2,wssy2,wb2,wedf2,wess2, 
~,edft., wess.t, pdf, pssx, psp, pssy, pb, pedf, pess, 









: real ; 
: reE1l; 
: real ; 
: r-eal; 
:real; 
bamdf,bamess,bamems :real; datain,dataout :text; {end c,f inits} 
begin {main program} reset(datainl; rewrite(dataout>; 
readln (datain,nl,n2l; 
for i:=1 to nl do readln(datain,x1[iJ,y1[iJ); for i:=1 to n2 do readln(datain,x2[iJ,y2[iJ); 
l'l/df 1: =nl-1; 1•1df2: =n2-1; 
s x 1:=0;sy1:=0;sx2: =0;sy2:=0;ssx 1:=0;ssy1:=0;ssx2:=0;ssy2:=0; sp 1: =O; sp2: =O; 
for i:=1 to n1 do 
begin 
s x1: =sx1+x1[iJ; ssx1:=ssx1+sqr(x1[iJ>; sp1:=sp1+x1[iJ 
*ylti J; sy1:~sy1+y1[iJ; ssy1:=ssy1+sqr(y1[iJ>; 
end; 
for i:=1 to n2 do 
begin 
sx2:=sx2+x2EiJ; ssx2: =ssx2+sqr<x2[iJ); sp2:=sp2+x2[iJ 



































l•Jrite (datcl.out, 'ls.t 
' ) ; 
writeln (dataout,wemsl:6:1, 
wr-iteln (d.=1t2out, '2nd 
', i,iems2: 6: 1); 
D.F. Sum of Squares Mean 
',wdfl:6:0,' ' , we~-=, 1: 6: 1 , 
',varf:6:2); 
·, i,idf2: 6: O, ' ', i,iess2: 6: 1, 
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1--Jr i te (dataout, 'Eq. of S. ',dsedf:6:0, ', dsess.: 6: 1, 
' ) ; 
writeln (dataout,dsems:6: 1, 
write (dcltaout, ' Res. err . 
l-.Jri tel n 
write 
. ) ; 
(datao1c.tt,l•Jem!=',t:6: 1,' 
<c,~,.taout, 'Eq. A. M. 
' ) ; 
',slopef:6:2); 
',l·Jedft:6:0, · ',i,1es.st:6: 1, 
' ) ; 
',b2.mdf:6:0,' ·, bamess: 6: 1, 
l•Jriteln (dataout,bamems:6:1, ',elevf:6:2); 




Example of input data followed by the output created. This is for two sets of data of carbon 





Eq. of s. 1 
Res. err. 30 
Eq. A. M. 1 












l.000 -23 . 9 
200 -27.3 
400 -28.8 





790 -·27. 8 
930 -27.4 
980 -·26. 8 
1000 -27.1 
200 - ·26. 9 
35(> -26. 5 




200 --29. 2 





Sum of Squares 
3(>. 5 
17.3 




Mean Squares F 
1. 5 0.88 
1. 7 
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ABSTRACT 
Woodward, F. I. and Friend, A. D. 1988. Controlled environment studies on the temperature 
responses of leaf extension in species of Poa with diverse altitudinal ranges.-J. exp. Bot. 39: 411-420. 
Measurements of leaf extension were made on Poa pra1ensis L. (lowland origin), P. alpina L. (from 
mid-altitudes) and P. a/pina ssp. vivipara Arcangeli (from high altitudes) at temperatures between 
0·5 °C and 26 °C. Both the rate of leaf extension above 15 °C and the low temperature threshold of 
extension were inversely correlated with the altitude from which the species originated. 
In all species both the solute potential in the region of cell enlargement and the leaf extension rate 
decreased as the growth temperature was reduced from 18 ' C to 5 °C. Pressure potential was not 
significantly affected in P. pracensis but increased in the other two species. In P. pra1ensis and P. alpina 
in vicro measurements of leaf plasticity (an estimate of the plastic extensibility of expanding cell walls) 
also decreased between 18 °C and 5 °C, suggesting that low cell wall extensibility, rather than leaf 
turgor, limits leaf extension at low tempera tures. In vivo measurements of plastic extensibility 
confirmed the conclusion that low extensibility is likely to be the major limit to extension close to the 
low temperature threshold, in P. pracensis and P. alpina. In all three species leafturgor becomes more 
important in the control of extension rate as temperature increases. 
At 5 °C and 18 °C the pressure potential of all three species was positively correlated with leaf 
elasticity, suggesting an additional temperature sensitive component in the control of leaf extension. 
Key words- Leaf extension, temperature, cell water potential, cell wall extensibility. 
Corresp~ndence to: Department of Borany, University of Cambridge, Downing S1reet, Cambridge 
CB23EA.U.K. 
INTRODUCTION 
Field measurements of leaf extension (Woodward, Korner, and Crabtree, 1986; Korner and 
Woodward, 1987) have demonstrated that upland species are able to continue leaf extension 
at much lower temperatures than lowland species, which have the highest rates above 10 °C 
to 15 °C. Upland species can, therefore, maximize extension in the lower temperatures at high 
altitude but are uncompetitive in the lowlands (Woodward and Pigott, 1975). 
The response ofleaf extension to temperature can clearly influence plant distribution. Poor 
growth at low temperatures also severely limits plant productivity in upland agricultural 
systems (Ollerenshaw, Stewart, Gallimore, and Baker, 1976). Therefore, a thorough 
understanding of the mechanisms which control the temperature responses of growth is 
central to studies both of plant distribution and of plant breeding for improved productivity 
in mountain pastures (Ollerenshaw and Baker, 1981). 
© Oxford University Press 1988 
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Leaf extension is controlled by rates of cell division and enlargement. Both processes lead 
to extension by an increase in cell volume and cell wall extension (Cleland, 1986). The process 
of cell extension is dependent on an osmotically controlled influx of water into the cell, 
which causes an increase in cell volume. This causes the cell walls to expand and when this 
occurs irreversibly, growth occurs (Lockhart, 1965). Cell extension must, therefore, be 
dependent on the rate of water inflow into the cell and the efficiency with which the increase 
in cell volume is translated into permanent growth. Cosgrove and Cleland (1983) have shown 
that, in pea, growth is controlled primarily by the efficiency with which the cell wall is 
extended by water influx and that the rate of influx is not a limiting factor in growth. In 
this situation cell growth, G, may be defined in terms of the capacity of the cell wall to 
expand irreversibly (the plastic extensibility m) and the effective turgor for growth (P- Y), 
where P is the pressure potential of the cell and Y is the threshold turgor for growth: 
G = m(P-Y). (1) 
Leaf growth has also been shown to be controlled by the effective pressure potential and 
the average plastic extensibility of the extending cell walls in the region of leaf expansion 
(Cleland, 1981, 1984; Cosgrove, 1985; Cosgrove, Van Volkenburgh, and Cleland, 1984; Van 
Volkenburgh, Schmidt, and Cleland, 1985). 
A number of techniques have been developed for measuring the mean plastic extensibility 
of the extending cell walls in the growing zone of a leaf (Cleland, 1986). Cleland (1967, 1981, 
1984) has estabilished that the in vitro Instron technique provides a correlated measure of 
the plastic extensibility of expanding cell walls, immediately prior to excision from the 
growing leaf. The technique initially measures the sum of the plasticity and elasticity of the 
cell walls in the isolated expanding zone, after they have been killed in methanol (Cleland, 
1967). A second measurement of elasticity is subtracted to give plasticity. Plasticity is the 
slope of the strain to stress curve for the isolated leaf tissue over a small range of stresses 
(Cleland, 1967) and provides a relative estimate of cell wall extensibility when measured in 
this manner. 
Leaf pressure potential can be readily measured but the yield threshold is more 
problematical (Cosgrove et al., 1984; Boyer, Cavalieri, and Schulze, 1985). 
This work investigates those interspecific differences in the temperature responses of leaf 
expansion which have been previously measured in the field (Woodward et al., 1986), in terms 
of the mean pressure potential and the plastic extensibility of cells in the region of leaf 
expansion. 
MATERIALS AND METHODS 
Species 
Three species of Poa were selected for study. Dormant tillers of P. alpina and plantlets of the viviparous 
P. alpina ssp. vivipara were collected from the field site, at I 780 m in the Austrian Alps, described in 
Woodward et al. (1986). The altitudinal ranges of these species are described in Woodward et al. (1986). 
Caryopses of a lowland species in the British Isles, P. pratensis, were collected from an altitude of 20 m 
around Cambridge. 
Controlled environment conditions and measurements of leaf extension 
Tillers, plantlets or caryopses of the species of Poa were planted in pots of John Innes No. 1 potting 
compost and illuminated, under a mixture of fluorescent and in~ndescent lamps, at a mean irradiance 
of 360 µmol m- 2 s- 1 (Skye Instruments quantum sensor, Llandrindod Wells, Powys, U.K.) over a 16 h 
photoperiod and a mean temperature of 15 cc. Plants were grown for at least one month before the 
imposition of experimental treatments. 
The plants were subjected to a range of mean temperatures between 0·5 cc and 26 cc to investigate 
the response of leaf extension to temperature. Plants were grown in a regime. of fixed air temperature; 
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however, leaf temperature in the photoperiod exceeded leaf temperature in the night by a maximum of 
5 °C, although this was more typically in the order of 1 to 2 °C. Plants were acclimated in this 
environment for 10 data particular air temperature before making measurements of extension in the 
treatment and during the photoperiod. The aim was to ensure that plant growth had acclimated to 
temperature before measurements were taken. 
The mean water vapour pressure deficit between the air and the leaves increased from 0·8 to l ·5 KPa 
between 1 °C and 26 °C. Although this increase could have influenced leaf turgor over the range of 
temperatures, the effect will have been small because the plants were well-watered throughout the 
experiments. Leaf turgor in the region of extension will also have been buffered from these changes 
within the humid environment of the leaf sheath. 
The extension rates of growing leaves were measured using the auxanometers and experimental 
protocol described by Woodward et al. (1986). Leaves which were selected for measurement were less 
than 25% of full extension and had extended between 10 mm and 20 mm beyond the leaf sheath. 
Measurements of leaf extension were made on a leaf for a maximum of 12 h. The temperature in the 
region of leaf extension was measured with a small thermocouple. 
Measurements of leaf water potential, plasticity and elasticity 
The length of the zone ofleaf extension was measured from serial microscope sections of the leaf in the 
region of the leaf sheath. The zone extended for about 12 mm in all three species. 
The components of the water potential in the growing zone were measured by the methods described 
by Taylor and Davies (1986) and using a thermocouple psychrometer chamber attached to a dew-point 
micro-voltmeter (HR-33T, Wescor Inc., Logan, Utah, U.S.A.). The regions of extension from five leaves 
were excised from the leaf sheaths and, prior to insertion into the psychrometer chamber, abraded with 
carborundum to maximize the rate at which the leaves and the chamber reached vapour equilibrium 
(Campbell, J 985). The whole process from excision to insertion in the psychrometer chamber takes 
about 30 s. The psychrometer was operated in an ambient temperature of 10 °C. 
One problem with measurements on expanding leaf tissue is that the tissue will grow during 
the period of measurement in the psychrometer chamber. Growth without a continued supply of 
water to the excised leaf will cause a reduction in the leaf total and pressure potentials (Baughn and 
Tanner, J 976). Consequently the measurement of total water potential needs to be made rapidly. 
The measurement was taken after the psychrometer reached a vapour equilibrium, a period 
of 30 min. 
Leaf extension of all the species was low at 10 °C and so it was considered that the measured 
pressure potentials of the species would not, therefore, have been greatly affected by stress relaxation 
(Cosgrove et al., 1984; Cosgrove, 1985). Taylor and Davies (1985) demonstrated that in situ 
measurements of total water potential were in good agreement with measurements on excised tissue 
using the techniques described above. In situ measurements of water potential in the region of 
expansion are not yet possible for grasses growing vegetatively and so it was not possible to conduct the 
same comparison. 
A further five leaf segments were excised, wrapped in aluminium foil and frozen in liquid nitrogen. 
The tissue was then thawed at 10 °C and inserted into the psychrometer chamber for the measurement 
of solute potential. Leaf turgor was estimated by difference. These measurements were repeated for six 
replicate plants. 
The plasticity (irreversible extension) and elasticity (reversible extension) of the extending zone of the 
leaf was measured by the Instron technique using an instrument similar to that described by Van 
Volkenburgh, Hunt, and Davies (1983). Leaf strips (10 mm x 5 mm) from the growing zone were boiled 
in methanol for 5 min and then rehydrated in distilled water (Cleland, 1967). The thicknesses of the 
strips were measured with a linear variable displacement transducer which did not squash the leaf 
tissue. The tissue was then twice subjected to a stress (Cleland, 1967) up to 0·5 MPa (calculated from the 
cross-sectional area of the tissue and the applied tension). The stress of 0·5 MPa was selected to 
represent a typical turgor in the region of extension (Michelena and Boyer, 1982). 
Leaf plasticity and elasticity of the methanol-treated tissue were calculated as the slopes of the strain 
to stress response curves (units of MPa - i) which were linear over the experimental range (Fig. l ). The 
linearity of the response curves are in agreement with in vivo me~urements in maize (Kutschera and 
Schopfer, 1986) and were found for all three species at both temperatures. 
At low temperatures ( < 10 °C) the destructive measurements of plasticity were complemented by 
non-destructive, in vivo measurements of plastic extensibility, as proposed by Cleland (1981). 
Extending leaves were connected to the auxanometers as previously described (Woodward et al., 
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FIG. I. Representative examples of elastic (--0---) and plastic plus elastic (--e- -)extensibilities of excised 
leaf tissue measured by the Instron technique. (a) P. pratensis, 5 °C. (b) P. a/pina ssp. vivipara, 5 cc. The 
slopes of the regression lines are used to estimate elasticity and plasticity (Table 2). 
was increased by adding a small weight which was predicted to cause a maximum uniaxial stress to 
the leaf of about O·l MPa. The maximum applied stress was calculated after the measurement by 
excising the growing zone of the leaf and measuring the width and thickness of the leaf in the region 
of expansion. In practice, the maximum stress will not have been realized at the zone of extension 
because of an unknown degree of lateral stress dissipation. Therefore, the technique can only be 
qualitative but, nevertheless, it provides an independent assessment of the results obtained by the 
Instron technique. 
The extension rate of the leaf under increased stress was followed for 2 h, by which time a steady rate 
of extension occurred. The additional weight was removed and the extension rate of the leaf followed 
for a further 2 h. The plastic increase in leaf length due to extension with an additional weight was 
then measured. This increase in length is a measure of the plastic extensibility of the extending cell 
walls in the growing zone of the leaf and is independent of turgor, yield potential and rates of water 




































(a) Poa pratensis 
10 
Temperature (°C) 
(b) Poa alplna 
Temperature (°C) 
(c) Poa alpina ssp.vivipara 
10 20 
Tempera1ure (°C) 
. F1G. 2. Temperature responses of leaf extension in (a) Paa pratensis (low altitude range), (b) P. alpina (mid-
altitude range}, (c) P. a/pina ssp. vivipara (high altitude range). 95}~ Confidence limits of quadratic 
polynomial regressions are shown above the threshold temperature of extension (b, c). 
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uptake into growing cells (Cleland, 1981). Measurements were made at a range of growth tempera-
tures between 2 °C and 8 °C. Kutschera and Schopfer (1986) show the typical form of the response 
of tissue to thc;se variable stresses and indicate that the plastic response is linear over a wide range 
of applied stresses. 
RESULTS 
Leaf extension 
The temperature responses of leaf extension in the three species of Poa are all broadly 
quadratic (Fig. 2). The slopes of the temperature responses decrease as the altitude at which 
the species are found increases. 
The temperature responses ofleaf extension below l O °C (Fig. 2) have been combined with 
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(a) 
0.4 Poa 
2 4 6 8 
Temperature (°C) 
(b) 
0.4 Poa alpina 
0.2 
1 0 
0'-o""'"'.....r;;..__,. _ __.__.....__....__.....__ ....... _...__..___. 
0 2 4 6 8 10 
Temperature (°C) 
(c) 
0.4 Poa alpina ssp. vivipara 
2 4 6 8 10 
Temperature (°C) 
F1G. 3. Temperature responses of leaf extension at < 10 °C. (a) P. pratensis, (b) P. alpina, (c) P. alpina ssp. 
vivipara. Measurements include observations of extension during measurements of in vivo extensibility in 
(a) at 3, 5·6 and 8 °C; in (b) at 2, 5 and 8 °C; and in (c) at 3·5 and 8 °C. 95% Confidence limits of linear 
· . regressions are shown above the threshold temperature of extension (b, c). 
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measurements of leaf extension between 2 °C and 8 °C, made during the in vivo measure-
ments of extensibility, to show the low temperature responses of leaf extension (Fig. 3). 
At temperatures below about 6 °C the rates of leaf extension increase with the altitude of 
species origin. In addition, P. pratensis and P. alpina show low temperature thresholds for 
extension at about 3 °C and 0·7 °C respectively. No threshold was observed for P. alpina 
ssp. vivipara. 
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Responses of leaf water potential and cell wall extensibility to temperature 
Measurements of water potential in the expanding zone of the leaf were taken from 
plants at two growth temperatures; 5 °C, which was close to the low temperature threshold 
for growth in P. pratensis(Fig. 3), and 18 °C, the temperature at which P. pratensis (Fig. 2) had 
the greatest rate of leaf extension. 
The water potential components in the region of leaf expansion at the two temperatures 
are shown in Table I. Total water potential and solute potential declined in all three species 
as the temperature declined. In P. alpina and P. alpina ssp. vivipara the decrease in solute 
potential exceeded total water potential, causing an increase in pressure potential. Pressure 
potential in P. pratensis was not significantly affected by temperature. 
The elasticity and plasticity of expanding leaves are shown in Table 2. The plasticities of 
the three species were similar at 18 °C and bore no relationship to extension rates (Figs 2, 3). 
TABLE I. Water potential components in the region of leaf expansion at two temperatures 




Poa a/pina ssp. vivipara 
Temperature 5 °C 
Poa pratensis 
Poa alpina 
Poa alpina ssp. vidpara 

















Mean values shown with s.e. (n = 6). 
TABLE 2. Elasticity and plasticity of/eaves at two temperatures 










Species Elasticity MPa - 1 Plasticity MPa - 1 
Poa pratensis 
Poa a/pina 
Poa a/pina ssp. vivipara 
· . Temperature 5 °C 
Poa pratensis 
Poa alpina 













Mean values shown with s.e. (n = 6). Units of measurements for 
elasticity and plasticity are determined from a regression of strain 
against stress (e.g. Fig. 1) where stress is determinea as a product 
of applied stress and the cross-sectional area of the leaf. 
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At 5 °C, however, growth rates increased with plasticity (Table 2, Fig. 3) and marked 
interspecific differences were found. 
DISCUSSION 
The results presented here show that both the low temperature threshold for growth and the 
temperature coefficient of leaf extension decrease as the altitude at which a species is found 
increases. This reiterates previous field observations (Woodward et al., 1986) suggesting 
that the temperature responses are under genetic control. 
The measurements of water potential in the growing zone of the Ieaf(Table 1) indicate that, 
at least in the Jong term, all three species of Poa respond to a reduction in temperature by 
an accumulation of solutes and a consequent reduction in solute potential. Solute 
accumulation bas been observed in other grasses in response to low, chilling temperatures 
(Pollock and Jones, 1979; Pollock, Lloyd, Stoddart, and Thomas, 1983). The marked 
decrease in solute potential leads to very low total water potentials at 5 °C. In the cases 
of P. alpina and P. alpina ssp. vivipara but not in P. pratensis, the accumulation of solutes is 
accompanied by increases in pressure potential as temperature decreases. These increases in 
leaf turgor will only influence leaf extension if the yield threshold for growth is exceeded and if 
the plastic extensibility of the expanding cell walls is high (Lockhart, 1965). 
As yet it has not been possible to measure the yield threshold in Poa. Comparisons of 
stress-relaxation in untreated and fusicoccin-treated leaf tissue could provide such a 
measurement (Cosgrove et al., 1984; Yamagata and Masuda, 1975). Leaf plasticity at 5 °C, in 
both P. pratensis and P. alpina, was much lower than for P. alpina ssp. vivipara (Table 2) 
indicating that the plastic extensibilities of the expanding cell walls may limit leaf growth 
at low temperatures. 
The dominance of plastic extensibility in the control of leaf extension at low temperature 
was tested using the direct in vivo measurement of extensibility proposed by Cleland (1981 ). 
At 2 °C the application of a uniaxial stress of about O· I MPa caused no increase in length of 
incompletely expanded leaves of P. pratensis. However, the leaf length of the other two 
species increased: P. alpina (which was close to the low temperature threshold for extension) 
by 2% and P. alpina ssp. vivipara by 14%. At 8 °Call species showed increases in leaf length, 
from 11 % in P. alpina to 18% in P. pratensis and P. alpina ssp. vivipara. The increases in 
length at both temperatures were positively correlated with rates of leaf expansion (Fig. 2). 
For P. pratensis it is possible that the sum of the applied in vivo stress and Ieafturgor failed to 
exceed the yield threshold, so that no plastic extension occurred. However, the same response 
was observed even when the applied stress was increased to 0·8 MPa, a value which exceeds 
observed values of the yield threshold in expanding leaf tissue (Cosgrove et al., 1984; Taylor 
and Davies, 1986). 
The very low plastic extensibility in P. pratensis at 5 °C is also seen in the measurements 
on excised tissue (Fig. 1). In spite of the quantitative limitations of the in vivo technique 
due to unknown degrees of stress dissipation, the method appears to corroborate the 
measurements obtained by the Instron technique. Both techniques of measurement suggest 
that in both P. alpina and P. pratensis, at temperatures close to the threshold for leaf 
extension, the major limitation to extension is unlikely to be low turgor, or effective turgor, 
but is most likely to be low cell wall extensibility. 
When the observations on tissue elasticity (reversible extension) for all three species at 5 °C 
and 18 °C are combined, a clear correlation (r = 0·848) emerges with pressure potential 
(Tables 1, 2). This suggests that the extension rates and higher turgor of P. pratensis at higher 
temperatures may be regulated through the control of elasticity, which increases with 
temperature. Elasticity of the species from higher altitudes, with lower turgors and rates of 
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expansion, decreases with temperature. The importance of tissue elasticity in extension has also been suggested for peas (Cosgrove, 1985). In both P. alpina and P. alpina ssp. vivipara leafturgor was particularly low at 18 °C. Taylor and Davies (1986) have recorded leaf extension in birch at similarly low pressure potentials, where the effective turgor is maintained by low yield thresholds. The low estimates of turgor may be due to the technique of measurement for leaf water potential and its components. Roy and Berger (1983) have shown that, during a psychrometric measurement on fully-expanded leaves of Dactylis glomerata, total water potential follows a series of steps to increasing water potentials. They suggested that these steps represented water compartmentation, at different water potentials, within the leaf. Such a possibility cannot be discounted in the measurements obtained for Poa. However, the transpiration rate of leaves in the leaf sheath will be very low and so marked water potential gradients would not be expected in the leaf. Roy and Berger (1983) also indicate measurement times for total water potential ofup to 3 h. They did not abrade the leaf surface, as was done for Poa, a feature which can increase the rate at which leaves reach equilibrium in the psychrometer chamber by as much as 6-fold (Savage, Wiebe, and Cass, 1984). 
The control of leaf extension is, therefore, dependent on processes which differ between high temperatures and those close to the threshold for leaf extension. However, the processes may be mechanistically interrelated in that the threshold temperature has always been observed to increase as the rate of extension at higher temperatures increases (Woodward et al., 1986). 
ACKNOWLEDGEMENT 
We are grateful to the Natural Environment Research Council for a research studentship to A.D.F. 
LITERATURE CITED 
BAUGHN, J. W., and TANNER, C. B., 1976. Excisipn effects on leaf water potential of five herbaceous species. Crop Science, 16, 184-90. BOYER, J. S., CAVALIERI, A. J., and SCHULZE, E-D., 1985. Control of the rate of cell enlargement: excision, wall relaxation, and growth-induced water potentials. Planta, 163, 527-43. CAMPBELL, G. S., 1985. Instruments for measuring plant water potential and its components. In Instrumentation for environmental physiology. Eds B. Marshall and F. I. Woodward. S.E.B. Seminar Series 22. Cambridge University Press. Pp. 193-214. CLELAND, R. E., 1967. Extensibility of isolated cell walls: Measurement and changes during cell elongation. Planta, 74, 197-209. 
--1981. Wall extensibility: hormones and wall extension. In Encyc/opedia of plant physiology. New series, Volume 13b. Eds W. Tanner and F. A. Loewus. Springer-Verlag, Berlin. Pp. 255-73. -- 1984. The Instron technique as a measure of immediate-past wall extensibility. Planta, 160, 514-20. 
-- 1986. The role of hormones in wall loosening and plant growth. Australian Journal of Plant Physiology, 13, 93-103. 
CosGROVE, D . J., 1985. Cell wall yield properties of growing tissue. Evaluation by in viva stress relaxation. Plant Physiology, 78, 347-56. 
--and CLELAND, R. E., 1983. Osmotic properties of pea stem internodes in relation to growth and auxin action. Ibid. 72, 332-8. 
--VAN VOLKENBUR.GH, E., and CLELAND, R. E., 1984. Stress relaxation of cell walls and the yield threshold for growth. Demonstration and measurement by ·micro-pressure probe and psychro-meter techniques. Planta, 162, 46-54. KORNER, CH., and WOODWARD, F . I., 1987. The dynamics of leaf extension in plants with diverse altitudinal ranges. II. Field studies in Poa species between 600 m and 3 200 m altitude. Oeco/ogia, 72, 279-83. 
KUTSCHERA, U., and ScHOPFER, P., 1986. Jn viva measurements of cell-wall ·extensibility in maize coleoptiles: effects of auxin and abscisic acid. Planta, 169, 437-42. 
170 
420 Woodward and Friend-Leaf Extension in Poa 
Loc:KHART, J. A., 1965. An analysis of irreversible plant cell elongation. Journal o.f Theoretical 
Biology, 8, 264-75. 
MICHELENA, V. A., and BOYER, J. S., 1982. Complete turgor maintenance at low water potentials in 
the elongating region of maize leaves. Plant Physiology, 69, 1145-9. 
OLLERENSHAW, J . H., and BAKER, R. H ., 1981. Ecological and physiological adaptation of Tri.fo/ium 
repens L. to stressed environments in relation to improving pasture productivity in Britain. In 
Stress effects on natural ecosystems. Eds G. W. Barrett and R. Rosenberg. Wiley & Sons Ltd, 
London. Pp. 71-8. 
--STEWART, W. S., GALLIMORE, J., and BAKER, R. H., 1976. Low-temperature growth in grasses 
from northern latitudes. Journal of Agricultural Science, 87, 237-9. 
POLLOCK, C. J., and JONES, T. , 1979. Seasonal patterns of fructan metabolism in forage grasses. New 
Phytologist, 83, 9-15. 
--LLOYD, E. J., STODDART, J. L., and THOMAS, H. , 1983. Growth, photosynthesis and assimilate 
partitioning in Lo/ium temulentum exposed to chilling temperatures. Physiologia plantarum, 59, 
257-62. 
RoY, J ., and BERGER, A., 1983. Water potential measurement, water compartmentation and water 
flow in Dactylis glomerata L. leaves. New Phytologist, 93, 43-52. 
SAVAGE, M . J. , WIEBE, H. H., and CASS, A ., 1984. Effect of cuticular abrasion on thermocouple 
psychrometer in situ measurement of leaf water potential. Journal o.f Experimental Botany, 35, 
36-42. 
TAYLOR, G ., and DAVIES, W . J., 1985. The control of leaf growth of Betula and Acer by 
photo-environment. New Phytologist , 101, 259-68. 
----1986. Yield turgor of growing leaves of Betula and Acer. Ibid. 104, 347-53. 
VAN VOLKENBURGH, E., HUNT, S., and DAVIES, W. J., 1983. A simple instrument for measuring cell wall 
extensibility. Annals of Botany, 51, 669-72. 
--SCHMIDT, M. G ., and CLELAND, R . E ., 1985. Loss of capacity for acid-induced wall loosening as 
the principal cause of the cessation of cell enlargement in light-grown bean leaves. Plant a, 163, 
500-5. 
WOODWARD, F. I., KORNER, CH. , and CRABTREE, R. C., 1986. The dynamics of leaf extension in plants 
with diverse altitudinal ranges. I. Field observations on temperature responses at one altitude. 
Oecologia, 70, 222-6. 
--and PIGOTT, C. D., 1975. The climatic control of the altitudinal distribution of Sedum rosea 
(L.) Scop. and S. te/ephium L. I. Field observations. New Phytologist , 74, 323-34. 
YAMAGATA, Y., and MASUDA, Y., 1975. Comparative studies on auxin and fusicoccin actions on plant 
growth. Plant and Cell- Physiology, 16, 41-52. 
171 
AppendixIV 
PASCAL program to calculate mean day and night temperatures across a 
thermogradient plate given data from nine temperature probes, evenly placed, and 
as far apart as possible 
pasclr program=%resti dd='probe~.probe diag=.diag/write' 
program TGP5 (probe,diag>; 
var diags :array[1 .. 2,1 .. 39J of real; 
table :array[l •. 2,1 •. 55] of real; 
probes :array[1 .• 2,1 .. 9J of real; 
corners :array[l .. 2,1 .• BJ of real; 
m,w,:-:,y,z :real; 
i,J,k,b,c,d,l,n,p,g,t,s,h,f :integer; 
probe, diag :text; 
{end of inits} 
procedure diagonals; 
begin 
,n: ==<). 2; 














begin {main program} reset(probe); rewrite(diag); 
for i:=1 to 2 do 
begin 
for j:=1 to 9 do read(probe,probes[i,JJ>; 
end; 
fm- i:=1 to 2 do 
begin 
s.:=O; 
for j:=1 to 8 do 
begin 
end; 






else if s=1 then corners[i , JJ:=probes[i,J+1J 
else corners[i,jJ:=probes[i,jJ; 
r 




w:=corners[i,1J; x:=corners[i,2J; y:=corners[i,1J; 
z: =corner-s[ i, 3]; 
diagonals; 
w:=corners[i,2J; x:=cbrners[i,4J; y:=corners[i,3J; 
z: =corners[ i, 5]; 
dic1gonals; 
w:=corners[i,4J; x:=corners[i,6J; y:=corners[i,5J; 
z:=corners[i, 7J; 
diagonals; 





{now calculate whole of table from dic1g[1 .• 2,1 .. 38]} for j:=1 to 2 do 
begin 
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i : = 1 ; b: = 1; C: = 1; d: =2; k: = l. ; {i=table index, b=diag index, 
n=c start >40} 
1:=2; n:=9; p:=1; g:=18; 
k=b star-t, l=d star-t, 
{p=c start<40, g=d start>40} 
for t:=1 to 10 do 
end; 
begin f:=11-t; b:=k; d:=l; s:=i+f; c:=p; 
while i<s do 
begin 






if (d=20)or (i >40) then 
begin 









b:=b+2; c:=c-2; d:=d-2; 
end; 
k:=k+4; p:=p+2; l:=1+4; 
end; 




if t=3 then begin 
j: =1; 
for i: =1 to C"C:-_, , _ _1 do table[l,iJ:=abs(table[l,iJ 





if t=l then writeln(diag, 
if t=2 then writeln<diag, · 
k:=1; 
for i:=10 downto 1 do 
temp differences·>; 
begin 
for j:=1 to (10-i) do write(diag, · 












temperatures ( eel ~-i LIS) ·) 
. ) ; 
Appendix V 
Recipes used for the electrophoresis experiments described in Chapter 5 








dH20 to 225 ml 








Table 5.2. Ammoniumpersulphatesolution. 
150mg 
to 100ml 
Table 5.3. Smith's (1976) homogenizing medium. 
~-mercaptoethanol 70 µI 
Na2 EDTA dihydrate 0.37 g 
O.OlM Tris-HCl, pH 7.5 to 11 
Table 5.4. Davis' (1964) electrode buffer. 
Tris 2.4g 
Glycine 13 g 
dH20 to41 
pH to 8. 3 with solid ingredients 
dH20 to4.1 l 
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Table S.S. Recipes for staining for EST (Scandalios, 1969), MOH (Vallejos, 1983), and 
GOT (Shaw and Prasad, 1970). 
Esterase: dH20 20ml 
NaH2P04 , 0.2 M 25ml 
Na2HP04 , 0.2 M 5ml 
Fast Blue RR salt 20mg 
a-naphthyl acetate (1 % in 50% acetone) 1 ml 
Incubate at 30 °C for 45 minutes in the dark. Fix with 5% acetic acid. 










Incubate at 30 °C for 15 minutes in the dark. Fix with 5% acetic acid. 
Glutamate oxaloacetate transaminase: 
0.1 M phosphate, Jii7 50 ml 
L-aspartic acid 0.25 g 
a-ketoglutaric acid 37 mg 
pyridoxal 5' phosphate 25 mg 
Fast Violet B salt 100mg 
Incubate at 30 °C for 15 minutes in the dark. Fix with 50% glycerol. 
Table 5.6. Recipes for staining for PER and GPI (Shaw and Prasad, 1970). 
Peroxidase: 0.05 M acetate (Na), Jif5 46ml 
3-amino-9-ethylcarbazole 25 mg, dissolved in 
Dimethylfonnamide 2.5 ml 
0.1 M CaC12 1 ml 
6% H20 2 150 µ1 
Incubate at 4 °C for two to five hours in the dark. Fix with 50% glycerol. 
Glucosephosphateisomerase: 











Fructose-6-phosphate 80 mg 
Incubate at 37 °C for about one hour, fix in 5% acetic acid. 
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Table 5. 7. Recipes for staining for APH and GOH (Shaw and Prasad, 1970). 
Acid phosphatase: 
use a stock of 0.05 M acetate, Jif5.0: Naacetate.3H20 6.8 g 
Ha (lN) 14.8 ml 
dH20 to 11 
adjust pH with O. lN Ha. 
0.05 M acetate, pi5 50 ml 
Na a-napthyl acid phosphate 50 mg 
Black K Salt or Fast Garnet GBC 50 mg 






0.5 M phosphate, pi7 25 ml 
1 M Na glutamate, pi7 5 ml 
dH20 70ml 
Incubate at 37 °C in dark until dark blue bands appear. Fix in 5% acetic acid. 
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dH20 to 450 ml 











Ammonium persulphate 47 .5 mg dissolved in 90 ml dH20 
SOS (10%) 1.9 ml 
TEMEO 47.5ml 
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Table 5.10. Laemmli's (1970) Jif 8.3, 0.025 M Tris-glycine electrode buffer. 
Tris 2.731 g 
Glycine 13 g 
10% SOS 41 ml 
dH20 to 41 
Jif to 8. 3 with solid ingredients 
dH20 to 4.11 
Table 5.11. 0.062 M Tris-HQ, Jif 7.0 sample buffer. 
Tris 3.755 g 
dH20 to 400 ml 
Jif 7.0 with HQ 
dH20 to 500 ml 
~-mercaptoethanol 2.5 ml 
Table 5.12. Sucrose-NBB sample loading solution. 
Sucrose 17 5 g 
Napthol Blue-Black (NBB) 2.5 g 
to 250ml 
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Table S. 13. General protein stain, from D. Hanke (pers. comm.)'. 
Coumassie Blue 1.25 g 
Ethanol 227 ml 








Field measurements of photosynthesis, stomata! 
conductance, leaf nitrogen and 613C along 
altitudinal gradients in Scotland 
A. D. FRIEND,* F. I. WOODWARD 
and V. R. SWITSUR 
Department of Botany, University of Cambridge, 
Downing Street, Cambridge CB2 3EA, UK 
Abstract. Field measurements were made of altitu-
dinal variation in photosynthesis and stomata! 
conductance in Vaccinium myrtillus L. and 
Nardus stricta L., between 200 and 1100m in 
central Scotland during July 1986 and June 1987. 
Under saturating irradiance and similar vapour 
pressure deficits (0·~1·2kPa) both species 
showed either constant or increasing rates of 
photosynthesis and increasing stomata! conduc-
tance and leaf nitrogen per unit leaf area with 
altitude. 
Leaf 613C values for both Nard us and Vaccinium 
increased (though not significantly) with altitude 
in 1986 but decreased in 1987. It is suggested that 
the change in slope between years is related to 
marked differences in annual climate. 
The short-term measurements of gas exchange 
were better predictors of613Cin 1986 than in 1987. 
Key-words: Photosynthesis, stomata! conductance, 
altitude, 613C, Vaccinium, Nardus, population 
Introduction 
Mountains provide sites where climate and vege-
tation change rapidly over short distances. As a 
result they have enjoyed a long history of investi-
gations into the mechanisms by which climate 
may control distribution (Billings & Mooney, 
1968; Larcher, 1980). In ecophysiological terms, 
considerable attention has been given to the 
responses of leaf gas exchange to the. decreasing 
partial pressures of Co2 and 0 2 with altitude 
(reviewed by Komer & Diemer, 1987). In general, 
field observations have shown that the photo-
synthetic rate varies little with altitude when 
measured at ambient C02 partial pressure 
(Mooney, Wright & Strain, 1964; Greer, 1984; and 
Komer & Diemer, 1987). However, when plants 
• Reprint requests to A.D. Friend. 
originating from high altitude are taken to the 
lowlands, with higher partial pressures of C02, 
they show significantly higher rates of photo-
synthesis than their lowland counterparts (Mach-
ler & Nosberger, 1977; Ledig & Korbobo, 1983; 
Woodward, 1986). Such responses suggest that 
high altitude plants have higher carboxylation 
efficiences (measured as the initial slope of net 
C02 assimilation rate versus internal C02 partial 
pressure) than lowland species. Higher carboxy-
lation efficiencies were generally, but not uni-
versally, observed in the field by Korner & Diemer 
(1987) for upland species in comparisons with 
related (generic or familial) lowland species. In the 
present study the aim was to investigate between 
population variation'in gas exchange with respect 
to altitude, within selected species of broad altitu-
dinal range. 
Spot samples of altitudinal variation in gas 
exchange were made during two growing seasons. 
One objective was to confirm that the altitudinal 
variations in gas exchange characteristics 
observed on transplants to the controlled environ-
ment (Woodward, 1986) were repeatable in the 
field. 
The work also aimed to relate these short-term 
measurements to the longer-term integrals of C02 
exchange indicated by the ratios of the two stable 
isotopes of carbon (13C and 12C) and measured as 
leaf613Cva1ues (Farquhar, O'Leary & Berry, 1982). 
Gas exchange characteristics are related to the 
average composition of carbon isotopes in leaf 




- a(po-Pil - b(p;) Equation 1 
Po Po 
where 613C and 613C0 are the 13C to 12C ratios, in the 
leaf and air respectively, with 613C0 equal to 
-7·8%o, relative to the Pee Dee Belemnite (PDB) 
carbonate standard (Craig, 1957); a and b are 
thought to be 4·4%o and 27%o respectively for C3 
plants (Farquhar et al., 1982}. The ratio of the 
intercellular leaf partial pressure to ambient par-
tial pressure of C02 (p;lp0 ) is a relative measure of 
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the limitations by stomatal conductance and 
ribulose-1,5-bisphosphate carboxylase/oxygenase 
(RUBISCO) on photosynthesis (Von Caemmerer & 
Farquhar, 1981). 
Observations of p;lp0 may be compared with 
long-term integrals, measurements of o 13C, to indi-
cate the long-term relevance of short-term 
measurements of gas exchange. It has been shown 
that p;lp0 declines with altitude in the Austrian 
Alps (Korner & Diemer, 1987), and that mean o13C 
of leaves increases with altitude on a global scale, 
from non-drought stressed areas (Korner, Farqu-
har & Roksandic, 1988). The work presented here 
investigates this correlation on the mountains of 
Scotland. 
Materials and methods 
Field sites and species. The field sites were on 
west and east facing transects between 200 m and 
1100m on Ben More in Central Region, Scotland, 
the site used previously (Woodward, 1983, 1986}. 
In 1986 measurements were also made along a 
south facing transect at 400, 575 and 1000m on 
Meall nan Tarmachan, a nearby mountain. 
Measurements were made on the wide ranging 
species Vaccinium myrtillus L. and Nard us stricta 
L. 
Measurements of plant gas exchange. Field 
measurements of photosynthesis and stomata! 
conductance were made over 3 days in mid-July 
1986 and late-June 1987. Leaf gas exchange was 
measured with a portable gas analyser (Type LCA, 
The Analytical Development Company Ltd, Hod-
desdon, Herts ., UK), which supplied air at a fixed 
flow rate with a mass-flow controller, to a leaf 
chamber (A.D.C. Ltd, 'Narrow-leaf Parkinson 
chamber) and an infra-red gas analyser. 
Measurements of gas exchange were made at six 
altitudes in 1986 and three in 1987. At each site 
measurements were made on eight to 10 leaves of 
Nardus at a time on each of five plants, and on one 
stem (20 to 40mm} at a time on each of five plants 
of Vaccinium. Leaves within the leaf chamber 
were cut from the plant and stored in sealed plastic 
bags for subsequent -measurements of leaf area, 
nitrogen content and dry weight. 
The temperatures of about 20 leaves, of each 
species at each site, were measured with fine, 
sharpened thermocouples which were inserted 
into the leaf, from the abaxial surface. 
Measurements of air temperatures and humidity 
were made within the vegetation, using a 
combined thermistor and humidity sensor (Vai-
sala UK Ltd, Cambridge). 
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The daily sequence of gas exchange was up an 
altitudinal transect, with the first measurements at 
c 1000h and the last measurements at 1500h. This 
sequence ensured that the leaf to air vapour 
pressure deficit had no altitudinal trend. At all 
sites in 1986 and 1987 the vapour pressure deficit 
was between 0·9 and 1 ·2kPa; the water vapour 
mole fraction also changed little and was between 
. 10 and 13 mmol mol - 1 . Similarly, mean leaf 
temperature varied rather little, from 22·5 °C at 
200m to 20·9 °C at 1000m, in 1986. The range of 
temperatures was very similar in 1987 (24·2 °Cat 
200m to 21·3°C at 1100m}. The lack of a significant 
trend in vapour pressure deficit with altitude will 
minimize site specific differences in stomata! 
conductance (Woodward, 1986). 
All measurements of gas exchange were made at 
irradiances greater than 650 µ.mol m-2 s- 1 (range 
650 to 1485 µmol m-2 s- 1). Laboratory 
measurements on Vaccinium (Woodward, 1986) 
and Nardus (Woodward, unpublished) have indi-
cated that the photosynthetic rate was at least 90% 
light saturated at the lowest irradiance. 
Molar units were used for the measurements of 
gas exchange to avoid a dependence on pressure 
and temperature (Cowan, 1977}. Computations of 
conductance, photosynthesis and p; were made 
according to the methods of Von Caemmerer & 
Farquhar (1981) . 
Other plant measurements. About 20 leaves of 
Nardus and of Vaccinium were collected on Ben 
More at different altitudes over a range of between 
200 and 960 m. These leaves, together with those 
which had been used for measurements of gas 
exchange, were oven dried for 24h and weighed. 
One half of the leaf samples of each of the species 
were then used for measuring total leaf nitrogen by 
a micro-Kjeldahl method (Hesse, 1971). The 
remaining half of the leaf material was then 
analysed for o13C using a technique based on the 
method described by O'Leary, Treichel & Rooney 
(1986). The isotopic composition of C02 released 
by the complete combustion of leaf samples was 
analysed by a VG Micromass Sira Mass 
Spectrometer. The measurements were repro-
ducible to+ /-0·05%o, and were made in relation to 
the PDB standard (Craig, 1957). 
Results 
Averaging the me~surements from both 1986 and 
1987, the ambient partial pressure of C02 at 3m 
above the herbaceous and dwarf shrub vegetation 






Table 1. Changes in atmospheric pressure and C02 partial pressure and mole fraction with altitude. 
Atmospheric 
Altitude pressure 
Year (ml (kPa) 




790 91 -2 
1000 88-9 
1987 200 98·0 
350 97 ·0 
1100 86·2 
total atmospheric pressure declined by 12kPa 
1cm-1 • A small reduction in the mole fraction was 
also observed (3·6 µmol mol- 1 1cm-1 ). 
The responses of photosynthesis, stomata! con-
ductance, leaf nitrogen and p;lp0 ratio to altitude 
are shown in Fig. 1 [(a)-(h)]. When all the photo-
synthetic data are combined there is a very signifi-
cant increase in photosynthesis with altitude (P < 
0·01). An analysis of the data in Fig. 1 is given in 
Table 2. It is evident that stomata! conductance 
increases significantly with increased altitude for 
both years. Measurements of total leaf nitrogen per 
unit area increase with altitude for both species, 
though the trend for Nardus in 1986 is not signifi-
cant. The p;lp0 ratio increases with altitude in 
1986. 
Table 2. Linear regression analysis of data in Fig. 1. 
Response 
C02 partial C02 mole 
pressure fraction (Pa) (µmol mol- 1 ) 









Over 90% of the variance in photosynthetic 
rates between altitudes and years can be explained 
by variation in stomata! conductance and total leaf 
nitrogen (regression analysis of variance); 78% of 
the variance in photosynthesis is accounted for by 
stomata] conductance in Nardus, and 83% in 
Vaccinium. 
The altitudinal variations in leaf 813C, for both 
1986 and 1987, are also shown in Fig. 1 [(i) and (j)J. 
The altitudinal trends are the same in both Nardus 
and Vaccinium. The relationship between 813C 
and altitude for 1986 is not inconi::istent with that 
described in the introduction (i.e . an increase). 
However, there is a significant decrease in 813C 
with altitude for 1987 in both species, indicating a 
distinct change in the relationship of 813C to 
Slope Graph Year variate Constant X 103 r2 P< 
(a) 1986 Photosynthesis 5·9 1·1 0·75 NS 1987 Photosynthesis 6 ·5 2·1 0·96 0·05 (b) 1986 Photosynthesis 5·5 1·3 0·88 NS 1987 Photosynthesis 6-3 1-4 0·96 NS (c) 1986 Conductance 41 ·2 20 0·84 0·01 1987 Conductance 89·3 35 0 ·99 0·01 (d) 1986 Conductance 41 ·9 43 0·78 0·001 1987 Conductance 106·3 46 0·81 0·001 (e) 1986 Leaf nitrogen 83·8 12·5 0 ·30 NS 1987 Leaf nitrogen 83·2 29·6 0·98 0 ·05 (f) 1986 Leaf nitrogen 70·6 21·3 0·59 0·05 1987 Leaf nitrogen 82 ·2 26·6 0·62 0·05 (g) 1986 p/pa 0·58 0·08 0·82 0·01 1987 p/pa 0·76 0·03 0·21 NS (h) 1986 p/pa 0·66 0·08 0·90 0 ·01 1987 p/pa 0·82 0 ·03 0 ·44 NS (i) 1986 613C 
-26·6 1·49 0·27 NS 1987 613C 
-26·5 
-0·94 0·67 0·05 OJ 1986 6' 3C 
-28·6 1·26 0 ·16 NS 1987 6' 3C 
-29·1 
-0·57 0·91 0·01 
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Fig. 1. Altitudinal trends in photosynthesis, stomata! conductance, leaf nitrogen, p;lp0 and leaf813C. (a)-(f) show means 
with their standard errors for five plants, with measurements on eight to 10 leaves per plant; (g) .ind (h) show just means. 
Also given is comparison ofregressions using analysis of covariance. (D = Nard us stricta, 1986; • = Nard us, 1987; 6 = 





altitude between the 2 years . Heterogeneous 
variances within both species make detailed 
analysis of covariance difficult. At any altitude 
and grouping both years, 813C is lower in Vac-
cinium than in Nardus (P < 0·001). Grouping both 
species, 813C is lower in 1987 than 1986 at all 
altitudes (P < 0·01). 
Discussion 
The observations on gas exchange and leaf 
nitrogen (Fig. 1) are in agreement with previous 
laboratory experiments on transplants of Vac-
cinium (Woodward, 1986). They confirm that in 
the field stomata! conductance, maximum photo-
synthetic rate and total leaf nitrogen all increase 
with altitude. This response is also found in 
Nard us, though with greater leaf nitrogen in 1986 
(P < 0·05) and lower stomata! conductances (1986: 
P < 0·001, 1987: P < 0·01), than Vaccinium. 
These photosynthetic and leaf responses are 
similar to those observed by Korner & Diemer 
(1987) in about 50% of their species comparisons. 
However, they found that p;lp0 decreases with 
altitude whereas here it increases in 1986 due to a 
relatively greater increase in conductance than 
photosynthesis. 
Work in the Austrian Alps (Korner & Diemer, 
1987) has shown that carboxylation efficiency and 
stomata] limitation to C02 uptake both increase 
with altitude. Hence p;lp0 should decrease and 
813C increase with altitude (Korner et al. , 1988). 
813C did increase slightly (though not signifi-
cantly) with altitude in 1986 for both species but 
decreased in 1987 (Fig. 1 and Table 2). 
The weather records at a nearby meteorological 
station in Balquhidder (Meteorological Office, 
1985, 1986 & 1987) indicate that the two growing 
seasons (assuming a threshold temperature of 5 °C) 
leading up to the 1986 sampling was both wetter 
(by 43 % ) and warmer (mean temperature of 10· 7 °C 
compared to 9·4°C) than for 1987. This between 
year difference in local climate may have caused 
the annual differences in relationship between 
813C and altitude. However, since climatic data are 
not available for the· actual harvest sites, further 
interpretation of 813C results must await con-
trolled environment studies. 
The short-term measurements of leaf gas 
exchange can be compared with the values of leaf 
813C by inserting observations of p;lp0 into equa-
tion 1 to derive predicted 813C values. Fig. 2 shows 
the predicted values plotted against those 
observed. The accuracy of the prediction is greater 
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Fig. 2. Relationship between predicted 613C of leaves, on 
the basis of field observations of gas exchange and 
observed values of 613C, for the same leaves as used for 
measurements of gas exchange. Symbols as for Fig. 1. 
1987 exceeded prediction by between 1 ·5 and 3%o, 
suggesting that C02 fixation in these plants may 
have been more limited by stomata! conductance 
than in 1986. 
The overall increase in photosynthesis with 
altitude may be due to the age differential of the 
leaves at different altitudes at the same time of 
year. Although the Pa of C02 declines with 
altitude, this will not necessarily cause reduced 
photosynthetic rate, particularly if the diffusion 
rate ofC02 (Gale, 1973), and leaf nitrogen, increase 
with altitude. Higher rates of photosynthesis may 
result from the greater leaf · nitrogen contents, 
much of which is likely to be RUBISCO (40-80% of 
the total soluble leaf protein in C3 plants [Huffaker, 
1982, p. 3711). 
The lower temperatures in 1987 could explain 
the greater leaf nitrogen values in that year (P < 
0·01, grouping between species) due to reduced 
leaf extension and thicker leaves (Woodward, 
1979). Alternatively they could be related to the 
29-day difference in sampling times. Marked 
seasonal variations in leaf nitrogen have been 
recorded for Vaccinium (Wielgolaski, Kjelvik & 
Kallio, 1975; Laine & Henttonen, 1987) and there-
fore it is possible that the between year differences 
in leaf nitrog~n represent different stages in leaf 
development. However, the Balquhidder climate 
data (Meteorological Office, 1986, 1987) indicate 
that the growing season started much earlier in 
1987, reducing the difference to only about 5 days. 
As temperature exerts a strong control over leaf 
thickness (Woodward, 1979), and nitrogen per 
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unit of leaf weight changes little with altitude 
(Korner & Diemer, 1987), the altitudinal trends 
and the between year differences in total leaf 
nitrogen found here may be at least partly due to a 
direct climatic effect on leaf extension. This 
increase in leaf nitrogen with altitude parallels the 
findings of Komer et al. (1986) and Komer & 
Diemer (1987). 
In conclusion, despite the decreasing partial 
pressure of C02 with increasing altitude, constant 
or even slightly increasing photosynthetic rates 
were found. The long-term integrals of leaf photo-
synthesis (613C values) appear to be influenced as 
much by climate as the ambient partial pressure of 
C02. In addition, climate may be critical in 
determining leaf nitrogen content. These predic-
tions will be followed up by controlled environ-
ment studies on the interactions of C02 partial 
pressure and temperature on the growth, nitrogen 
content and 613C of mountain plants. 
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